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ABSTRACT 

Context. Gas-phase complex organic molecules are commonly detected in the warm inner re- 
gions of protostellar envelopes, so-called hot cores. Recent models show that photochemistry in 
ices followed by desorption may explain the observed abundances. There is, however, a general 
lack of quantitative data on UV-induced complex chemistry in ices. 

Aims. This study aims to experimentally quantify the UV-induced production rates of complex 
organics in CHsOH-rich ices under a variety of astrophysically relevant conditions. 
Methods. The ices are irradiated with a broad-band UV hydrogen microwave-discharge lamp un- 
der ultra-high vacuum conditions, at 20-70 K, and then heated to 200 K. The reaction products are 
identified by reflection-absorption infrared spectroscopy (RAIRS) and temperature programmed 
desorption (TPD), through comparison with RAIRS and TPD curves of pure complex species, 
and through the observed effects of isotopic substitution and enhancement of specific functional 
groups, such as CH3, in the ice. 

Results. Complex organics are readily formed in all experiments, both during irradiation and 
during the slow warm-up of the ices after the UV lamp is turned off. The relative abundances of 
photoproducts depend on the UV fluence, the ice temperature, and whether pure CH3OH ice or 
CH30H:CH4/CO ice mixtures are used. CjHe, CH3CHO, CH3CH2OH, CH3OCH3, HCOOCH3, 
HOCH2CHO and (CH20H)2 are all detected in at least one experiment. Varying the ice thickness 
and the UV flux does not affect the chemistry. The derived product-formation yields and their de- 
pendences on different experimental parameters, such as the initial ice composition, are used to 
estimate the CH3OH photodissociation branching ratios in ice and the relative diffusion barriers 
of the formed radicals. At 20 K, the pure CH3OH photodesorption yield is 2.1(±1.0) x 10"^^ per 
incident UV photon, the photo-destruction cross section 2.6(±0.9) x 10""* cm^. 
Conclusions. Ice photochemistry in CH3OH ices is efficient enough to explain the observed abun- 
dances of complex organics around protostars. Some complex molecules, such as CH3CH2OH 
and CH3OCH3, form with a constant ratio in our ices and this can can be used to test whether 
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complex gas-phase molecules in astrophysical settings have an ice-photochemistry origin. Other 
molecular ratios, e.g. HCO-bearing molecules versus (CH20H)2, depend on the initial ice compo- 
sition and temperature and can thus be used to investigate when and where complex ice molecules 
form. 

Key words. Astrochemistry; Astrobiology; Molecular data; Methods: laboratory; circumstellar 
matter; ISM: molecules 



1. Introduction 



Organic molecules of increasing complexity are bein 


g detected in star-forming regions ( 


Blake et al. 


1987 


Nummelin et alJboOC 


; BisschoD et al. 


2007b; 


van Dishoeck et al. 


1995 


Cazaux et alj 


2003; 


Bottinelli et alj2004 


2007; 


Belloche et allboOQ 


); however, the origins of these complex molecules 



are the subject of debate. Commonly-suggested formation routes include various gas-phase re- 
actions involving evaporated CH3OH ices, atom-a ddition reactions on dust grains, and UV- and 



1992; 



Nomura & Millai 



2004 



cosmic ray-induced chemistry in the granular ices jCharnlev et al 
Herbst & Dis hoeck 2009, AR&A in press). Recently, the focus has shifted to an ice formation 
pathway (e.g. iGarrod et alj|2008h . but due to the lack of quantitative experimental data, it is still 
not clear whether these molecules form in granular ices during the colder stages of star formation 
or in the warm gas close to the protostar. Nor has the relative importance of different grain forma- 
tion routes been resolved. Establishing the main formation route is needed to predict the continued 
chemical evolution during star- and planet-formation and also to predict the amount of complex or- 
ganics incorporated into comets and other planetesimals. In light of this, and the recent failures of 
gas phase chemistry to explain the observed complex molecules, we aim to quantify the formation 
of complex molecules through UV-induced chemistry in CHsOH-rich ices. 

Simple ices, such as solid H2O, CO, CO2, CH4 and NH3, are among the most common species 
found in dark cloud cores and towards protostars. The ices form sequentiall y in the cloud, re 



suiting in a bi-layered structure dom inated by H2O and and CO, respectively dBergin et al 



Knez et al 



2005 



Pontoppidan|[2006l) . Laboratory experiments su ggest that CH3OH als o forms in 



2005 



the ice during the pre-stellar phase, through hydrogenation of CO (iWatanabe et al.l2003l) . although, 
as yet, CH3OH ice has only been detected toward protostars. Based on this formation route, CH3OH 
is probably present in a CO-rich phase during most of its lifetime. More complex ices have b een ten- 
tatively detected towards a few high-mass protostars ( Schutte et all 1999 ; Gibb et al]|2004 ), though 
specific band assignments are uncertain. Towards most other objects, derived upper Umits on com- 
plex ices are too high to be conclusive. 

Indirect evidence of complex molecule formation in ice mantles exists from millimeter obser- 
vations of shocked regions and the innermost parts of low- and high-m ass protostellar envelopes. 



Arce et al 



(l2008l) of HCOOCH3, HCOOH 



so called hot cores and corinos. The observations by 
and CH3CH2OH at abundances of ~10"^ with respect to CH3OH towards the low-mass molecu- 
lar outflow LI 157 are especially compelling; this outflow has been above 100 K for a period that 
is an order of magnitude shorter than is required for the gas-phase productio n of such comple x 
molecules. Ice evaporation through sputtering is, in contrast, efficient in shocks ( Jones et al]|l996 ). 
The observed abundances towards LI 157 are remarkably similar to those observed in galactic- 
center clouds and high-mass protostars, suggesting a common formation route. 
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In hot cores and corinos, gas-phase production may still be a viable alternative for some of 
the detected molecules, because of the longer time scales compared to outflows. However, recent 
calculations and experiments suggest that some key gas-phase reactions are less efficient than pre- 
viously tho ught; for example , the gas-phase formation of HCOOCH 3 was found to be prohibitively 



inefficient dHorn et al. 



2004 . Furthermore, 



Bisschop et al.l ( l2007bl) recently showed that complex 



oxygen-bearing molecules and H2CO are equally well correlated with CH3OH. Since CH3OH and 
H2CO are proposed to form together in the ice, this suggests that those complex oxygen-bearing 
molecules are also 'first-generation' ice products. 

One possible ice formation route for complex species is atomic accretion and recombination 
on grain surfaces, which appears efficient for smaller species. ICharnlevI (120041) suggested that the 
hot-core molecules may form either through hydrogenation of molecules and radicals, such as 
CO and HCCO, or through a combination of hydrogenation and oxi dation starting with C 2H2. 
Similar reaction schemes are suggested to explain observations by e.g. iBisschop et al.l (120081) and 



Requena- Torres et al.l ( 120081) . Such formation mechanisms have not been comprehensively tested 

J2OO9I) found 



Belloche et al 



under astrophysically relevant conditions, although the models of 
them to be ineffective in the formation of nitriles up to ethyl cyanide, under hot core conditions. 
Experimental studies show that dissociati ve reactions may be th e favored outcome of hydrogenat- 
ing larger molecules and fragments (e.g. IBisschop et alj|2007al) . hampering the build-up of large 
quantities of complex molecules. Quantitative experiments are, however, still lacking for most re- 
actions. 

The alternative grain-surface formation route, which is investigated in this study, is the energetic 
destruction of the observed simple ices and subsequen t diffusion and recombin atio n of the radi 
cals in to more complex species. Within this framework. 



Garrod & HerbstI (120061) and 



Garrod et al 



(120081) modeled the formation of complex molecules during the slow warm-up of ices in an in- 
falling envelope, followed by ice evaporation in the hot core region. In the model, photodissociation 
of simple ices, especiafly CH3OH, produces radicals in the ice. The luke-warm ices in the envelope 
(20-100 K) allow for the diffusion of 'heavy' radicals like CH3 and CH2OH, which recombine to 
form complex molecules. The model continues until all the ice is evaporated and the resulting gas 
phase abundances reproduce some of the abundance ratios and temperature structures seen in the 
galactic center and towards hot cores. Improvement of these model predictions is mainly limited 
by lack of quantitative experimental data on CH3OH photodissociation branching ratios in ices, 
diffusion barriers of the formed radicals and binding energies of most complex molecules. The 
ultimate objective of the present study is to provide these numbers by experimental investigation 
of the photochemistry in CHsOH-rich ices, followed by quantitative modeling (paper II, Garrod & 
Oberg, in preparation). 

There have been multiple s tudies of photoc hemistry in ices containing organic molecules, 
stretching back to the 1960s (e.g 



Stief et al 



1965h . Most studies provide only a limited amount of 



the kind of quantitative data needed for astrochemical models and instead focus on the qualitative 
assignment of final photochemistry products, following irradiation of ice mixtures that are proposed 
to mimic ice compositions in star forming regions. To produce enough detectable products, depo- 
sition and irradiation were typically simultaneous in the early experiments, rather than a sequential 



deposi tion, irradiation and warm-up s c heme. This was the appro ach of, for example, IHagen et al 



d 19791) and 



D'Hendecourt et al 



(Il982h . 



AUamandola et al 



(119881) included CH3OH in ice mixtures 
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in similar experiments and found that CH3OH mainly photodissociates into smaller fragments at 
10 K, while several new unidentified feat ures appear following th e warm-up of the irradiated ice, 



indicating an efficient diffusion of radicals. 



Gerakines et al. 



(119961) investigated the photochemistry 



of pure CH3OH ice more quantitatively at 10 K, and determined the CH3OH photolysis cross sec- 
tion, and the H2CO and CH4 UV formation cross sections averaged over the lamp wavelength range 
at a specific flux setting. iGerakines et alj (119961) also detected HCOOCH3, and several other com- 
plex species have also been identified in CHsOH-rich ices following UV-irradiation, though some 
peaks have been assigned to different c arriers in different studies . The difficulty in identifying most 
complex products is discussed by e.g. [Hudson & Moord ( I2OOOI) who investigated the production 
of complex molecules in CH30H:H20 and CHsOHiCO ice mixtur es both following UV irr adia- 



tion and ion bombar dment in a number of studies, most recently in 



Moore & Hudson 



Hudson et al 



(|2005[) and 



(120051) . 

A few studies exist on the formation of complex molecules from ion bombardment of pure 
CH3OH ice, though similarly to the UV photolysis ex periments, the formation of more com - 
plex molecules than CH3OH is in general not quantified ( Baratta et al.ll2002 : 



Bennett et al 



2007) 



Bennett et al. 



( I2007n identified HCOOCH3, HOCH2CHO and (CH20H)2, mainly based on com- 
parison with calculated spectra and desorption patterns foUowing irradiation, but provided only 
upper limits of their formation rates. The quantitative data from both studies include formation 
rates of small molecules and C H3OH and H2CO ion-bombardment dissociation rates. In a separate 
studv lBennett & Kaisej hoOlti determined the formation rate of HCOOCH3 and HOCH2CHO in a 
C0:CH30H ice mixture for the ion-bombardment flux used in their experiment. 

The aim of this study and its follow-up paper is to combine experiments with kinetic model- 
ing to completely quantify the photochemistry of CH3OH rich ices. This includes determining the 
CH3OH photodesorption yield, the CH3OH dissociation branching ratios upon UV irradiation, the 
diffusion barriers of the formed radicals and reaction barriers to form more complex molecules, 
where present. Here, we present the experiments on CH3OH ice chemistry under a large range 
of astrophysically relevant conditions and quantify the formation of all possible first generation 
complex molecules. To ensure that reaction products are correctly assigned, we also present RAIR 
spectra and temperature-programmed desorption experiments of all stable expected complex prod- 
ucts, together with their derived binding energies. 

The paper is organized as follows. Section 2 presents the experimental and data analysis meth- 
ods. Section 3 reports on both qualitative and quantitative results of the experiments. Discussion 
foHows in section 4, and includes estimates of photodissociation branching ratios and diffusion 
barriers. Preliminary astrophysical implications are discussed in section 5. A summary of results 
and concluding remarks are given in section 6. 



2. Experiments and analysis 

All experiments are carried out under ultra-hig h vacuum conditio ns ( ~10~'° mbar) in th e 

(booel) and loberg et all J2009bl) . 



Fuchs et al 



CRYOPAD set-up, which is described in detail in 
The ices are grown in situ with monolayer precision at thicknesses between 3 and 66 ML, by ex- 
posing a cold substrate at the center of the vacuum chamber to a steady flow of gas, directed along 
the surface normal. The substrate is temperature controlled between 20 and 200 K. The relative 
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5 



Exp. 


Species 


Temp." 


Thick. 


UV flux 






(K) 


(ML) 


(10" cm-2 s-i) 


1 


CH3OH 


20 


21 


1.1 


2 


CH3OH 


30 


19 


1.1 


3 


CH3OH 


50 


20 


1.1 


4 


CH3OH 


70 


22 


1.1 


5 


CH3OH 


20 


19 


4.3 


6 


CH3OH 


50 


15 


4.3 


7 


CH30H:C0 


20 


12:17 


1.1 


8 


CH30H:C0 


30 


12:11 


1.1 


9 


CHaOHiCO 


50 


16:7 


1.1 


10 


CH30H:CH4 


30 


11:27 


1.1 


11 


CH30H:CH4 


50 


11:6 


1.1 


12 


CH30H:C0 


20 


6:60 


1.1 


13 


CH3OH 


20 


6 


1.1 


14 


CH3OH 


50 


6 


1.1 


15 


CH3OH 


20 


4 


4.3 


16 


CH3OH 


50 


8 


4.3 


17'' 


CH3OH 


20 


18 


1.1 


18=^ 


CH3OH 


20 


20 


1.1 


19 


CH3OD 


20 


-20 


1.1 


20 


CH3OD 


50 


-20 


1.1 


21 


CD3OH 


20 


-20 


1.1 


22 


CD3OH 


50 


-20 


1.1 



" The ice-deposition and -irradiation temperature. 
Following irradiation the ice is quickly heated to 50 K for 2 hours. 
Following irradiation the ice is quickly heated to 70 K for 2 hours. 

Table 2. Pure ice spectroscopy and TPD experiments. 



Species 


1-ormula 


Mass (amuj 


Thick/' (ML) 




Ethane 


C2H6 


30 


5 [3] 


2300 [300] 


Methanol 


CH3OH 


32 


25 [10] 


4700 [500] 


Acetaldehyde 


CH3CHO 


44 


4 [2] 


3800 [400] 


Dimethyl ether 


CH3OCH3 


46 


^4 


3300 [400] 


Ethanol 


CH3CH2OH 


46 


5 [2] 


5200 [500] 


Formic acid 


HCOOH 


46 


5 [2] 


5000 [500] 


Methyl formate 


HCOOCH3 


60 


3[1] 


4000 [400] 


Acetic acid 


CH3COOH 


60 


3[1] 


6300 [700] 


Glycolaldehyde 


HOCH2CHO 


60 


3[1] 


5900 [600] 


Ethylene glycol 


(CH20H)2 


62 


7 [3] 


7500 [800] 



'Values in brackets indicate uncertainties. 
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temperature uncertainty is less than a degree, while the absolute uncertainty is about two degrees. 
All UV-irradiation experiments are performed with CH3OH from Sigma-Aldrich with a minimum 
purity of 99.8%. The mixed ice experiments contain CH4 or CO gas of 99% purity (Indogas). Pure, 
complex ice experiments with C2H6, CH3CHO, CH3OCH3, CH3CH2OH, HCOOH, HCOOCH3, 
CH3COOH, HOCH2CHO and (CH20H)2 are carried out with chemicals of 99-99.9% purity from 
Sigma-Aldrich. All liquid samples are further purified with several freeze-thaw cycles to remove 
any volatile gas from the sample. The dominant source of contaminants is from the vacuum inside 
of the chamber once the ice is deposited; during each experiment, up to 0.5 ML of H2O adsorbs 
onto the substrate from the small H2O contamination always present in the chamber. This has no 
measurable impact on the photochemistry from test experiments with CH3OH isotopologues. 

The set-up is equipped with a Fourier transform infrared (FTIR) spectrometer in reflection- 
absorption mode (Reflection- Absorption InfraRed Spectroscopy or RAIRS). The FTIR covers 750 
- 4000 cm"', which includes vibrational bands of all investigated molecules, and is operated with a 
spectral resolution of 1 cm ' . To increase the signal to noise the spectra are frequently binned when 
this can be done without reducing the absorbance of sharp features. RAIRS is employed both to 
acquire infrared spectra of complex molecules and to quantify the changing ice composition during 
UV irradiation of CHsOH-rich ices. All spectra are corrected with a linear baseline alone, to avoid 
distorting any spectral profiles. 

Temperature Programmed Desorption (TPD) is another analytical tool, which is employed in 
this study to identify ice photoproducts. In a TPD experiment, ice evaporation is induced by linear 
heating of the ice, here with a heating rate of 1 K min The evaporated gas phase molecules 
are detected by a Quadrupole Mass Spectrometer (QMS). The resulting TPD curves depend on 
the evaporation energy of the ice, which can be uniquely identified for most of the investigated 
species. For mixed ices the TPD curve also depends on such quantities as ice trapping, mixing 
and segregation. The QMS software allows for the simultaneous detection of up to 60 different m/z 
values (the molecular mass divided by the charge). Hence in the TPD experiments of irradiated ices, 
all possible reaction-product masses, which contain at most two oxygen and two carbon atoms, are 
monitored. 

In the CH3OH photochemistry experiments, the ice films are irradiated at normal or 45° inci- 
dence with UV light from a broadband hydrogen micro wave-discharge lamp, which pe aks around 
Ly a at 121 nm and covers 115-170 nm or 7-10.5 eV (IMufloz Caro & Schuttell2003h . The lamp 
flux was calibrated against a NIST calibrated silicate photodiode prior to the experimental series 
and is monitored during each experiment using the photoelectric effect in a gold wire in front of the 
lamp. The lamp emission resembles the spectral distribution of the UV interstellar radiation field 
that impinges externally on all clouds. It is also consistent with the UV radiation produced locally 
inside clouds by the decay of electronic states of H2, following exc itation by energetic ele ctrons 
resulting from cosmic -ray induced ionization of hydrogen, see e.g. [Sternberg et al.l ( Il987h . Each 
irradiation experiment is followed by a TPD experiment, where RAIR spectra are acquired every 
10 K up to 200 K. 

Supporting experiments consist of RAIR spectra and TPD curves of nine complex organic 
ices, which are potential photoproducts of CH3OH ices. Spectra of these ices have been reported 
previously in the literature in transmission, but because of known band shifts in RAIRS compared 
to transmission spectroscopy, their RAIR spectra are also presented here. 
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The identification process is complicated by spectral overlaps of most of the potential photo- 
chemistry products. Thus great care is taken in securing each assignment, especially where they 
disagree with previous work or where disagreements between previous studies exist. To call an 
identification secure we test it to be consistent with up to seven criteria. These identification tools 
are described in detail in section 3.5. 

Following the spectral band identification, RAIR spectroscopy is used to determine the initial 
CH3OH ice abundance and the formed simple and complex ice abundances as a function of fluence 
during each photochemistry experiment. This requires known band strengths. The abs olute RAIRS 



band strengths have been estimated previously in our set-up for CO and CO2 ice dOberg et al 
2009alfb ). Using the same method, new measurements on CH3OH are consistent with the CO and 



CO2 results; i.e. the determined band strengths have the same relative values compared to the trans- 
mission band strength ratios reported in the Uterature, within 20%. The relative ice band strengths 
from transmission are thus still valid, with some exceptions, and most experimental objectives only 
require knowing the ice fraction that has been converted into products. The main caveat is that 
ices thicker than a few monolayers are not guaranteed to have a line ar relationship bet ween the 



absorbance of strong bands and ice thickness due to RAIRS effects dTeolis et al. 



20071) . This is 



circumvented by selecting weak enough bands, especially for CH3OH, whose absorbance remains 
linear with respect to the amount of deposited ice at all the investigated ice thicknesses. The trans- 
mission band strength of CH3OCH3 is not present in the literature and its band strength is estimated 
by deposition of a dilute CH30CH3:CH30H 1:10 mixture and assuming a constant sticking coeffi- 
cient and that the CH3OCH3 is 'dragged' along with the CH3OH to reach the substrate at a similar 
deposition rate. 

Table[T]lists the CH3OH, CH30H:C0 and CH30H:CH4 photochemistry experiments. The ex- 
periments are designed to study the impact of ice temperature, ice thickness, UV flux, UV fluence 
and mixed-in CO and CH4 on the reaction-product abundances. Each ice is irradiated for ~6 hours 
at the reported flux. The high flux/fluence experiments are also used to determ ine the CH3OH pho- 
todesorption rate using the same procedure as reported bv lOberg et alj (l2009bh . In two experiments 
(17 and 18) the irradiation is followed by fast heating to a specified temperature to investigate the 
impact of the heating rate for radical diffiision. Table |2] lists the investigated complex organics for 
which RAIR spectra and TPD experiments have been acquired. 

In addition to the experiments listed in Table [1] and |2l two experiments were performed to 
test the CO accretion rate due to UV-induced out-gassing from chamber walls and the life time 
of spectral features in the ice when diffusion is slow. In the first experiment a blank substrate was 
irradiated for the typical experiment time of six hours and a build-up of 0.2 CO ML was recorded. 
In the second experiment a photolyzed CH3OH ice was monitored for five hours at 17 K after the 
UV lamp was turned off; the spectra of complex products did not change measurably during this 
period. 

In all experiments, systematic uncertainties dominate and include the absolute calibration of 
the temperature (~2 K), the UV flux (~30%) and the conversion between transmission and RAIRS 
band strengths used to determine the absolute ice abundances (~50%), while the relative RAIRS 
band strengths are more accurate (~2Q% uncertainty from comparison between different trannsmis- 
sion spectroscopy studies). The conversion between transmission and RAIRS band strengths will 
not affect the uncertainty of the photochemistry rates, since these depend only on the fraction of the 
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Fig. 1. The logarithm of the normaHzed CH3OH abundance as a function of UV fluence at 20, 30, 
50 and 70 K. The Unes are exponential fits to the first 10^^ photons in each experiment. 

ice that is converted into products. The determined diffusion barriers in Paper II are furthermore 
not affected by the uncertainty in UV flux because these only depend on which species the pro- 
duced radicals react with, not on how many of them are produced per UV photon. Another source 
of error is the local baseline determination, which results in relative abundance uncertainties of up 
to 30% for a couple of the detected products, which is reported in detail in 33. 61 for each species. 
Thus the formation yield of products relative to the original ice abundance has a total uncertainty 
of 35-50%. 

3. Experimental results 

This section begins with experimental results that quantify CH3OH bulk photolysis 03.lt and 
surface photodesorption 03.2l i. 33.3l qualitativelv describes how the CH3OH photoproducts are af- 
fected by different experimental variables for the experiments listed in Table [1] This information, 
together with RAIR spectra and TPD data on pure complex organics in 33.41 is used in 33.51 to 
identify the CH3OH photoproducts. Following identification, the formation of all identified prod- 
ucts from pure CH3OH ice photochemistry are shown quantitatively in 33.61 Section lTTl describes 
quantitatively the formation and desorption of molecules during warm-up of the irradiated ices. 
Finally, 33. SI summ arizes the effects of different experimental parameters on the final ice composi- 
tion after irradiation and during warm-up. 

3.1. The CHjOH UV photolysis cross-section 

The UV-destruction cross-section of CH3OH ice, averaged over the lamp spectrum, determines the 
total amount of radicals available for diffusion and subsequent reaction. The cross section is calcu- 
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lated from the measured loss of CH3OH ice band intensity with fluence. The initial UV destruction 
of CH3OH, i.e. before back-reactions to reform CH3OH become important, in an optically thin ice 
is given by 

N{cp) = A?(O)exp(-0 X cTph), (1) 

where is the CH3OH column density in cm"^, is the UV fluence in photons cm"^ and cTpj, 
is the UV-photolysis cross section in cm^. Figure [T] shows that photodestruction during the first 
10'^ photons is well described by this equation for ~20 ML thick ices at different temperatures. 
The loss of CH3OH is calculated from the combination band around 2550 cm ' and the resulting 
photodissociation cross sections are 2.6[0.9], 2.4[0.8], 3.3[1.1] and 3.9[1.3] xlO""^ cm^ at 20, 
30, 50 and 70 K respectively. The uncertainties in brackets are the absolute errors; the relative 
uncertainties are 10-20%. The increasing cross section with temperature is indicative of significant 
immediate recombination of dissociated CH3OH at low temperatures when diffusion is slow. The 
measured effective CH30H-ice cross sections thus underestimate the actual photodissociation rate. 
This is consistent with t he higher gas-ph ase CH3OH UV-absorption cross section; convolving the 
absorption spectra from lNee et al.l d 1985b with our lamp spectra results in a factor of three higher 
absorption rate than the observed photodissociation rate in the ice at 20 K. 

The measured photolysis cross sections also depend on whether a 'clean' CH3OH band is used 
to calcula te the CH3OH loss. The vn CH3OH band around 1050 cm ' is commonly used in the 



literature dGerakines et al 



1996 



Cottin et al 



20031) . This band overlaps with strong absorptions 



of several complex photoproducts and using it results in a 30% underestimate of the CH3OH de- 
struction cross section at 20 K. This explains the h igher cross-section value obtained in these ex- 



periments compared to 



Gerakines et al. 



Cottin et al 



(120031), who recorded 1.6 x 10" 



( 119961) and|( 

cm^ and 6 x 10 cm^, respectively. These destruction cross sections were also measured after 
greater fluences, ~ 1.8 x 10'^ and ~ 6 x 10'^ UV photons cm"^, respectively, when back reactions 
to form CH3OH confuse the measurements. The measurements in this paper thus demonstrates 
the importance of a high fluence resolution and of picking a 'clean' band when determining the 
photodestruction cross section of an ice. 



3.2. CHiOH photodesorption yields 

Previous experiments show that several ices (pure CO, CO2 and H2O) are efficiently photodesorbed 
upon UV irradiation. To constrain the photodesorption of CH3OH ice and thus determine the loss of 
CH3OH molecules into the gas phase ra t her than into photoproducts in the ice, the same procedure 
is followed as reported bv lOberg et al.l (l2009bl) . This method is based on the fact that photodes- 
orption from a multilayer ice is a zeroth order process with respect to photon fluence, since it only 
depends on the amount of molecules in the surface layer. The photodesorption yield wifl thus not 
change with fluence as long as the original ice is sufficiently thick. In contrast ice photolysis is a 
first order process, since it depends on the total amount of ice. Through simultaneous modeling 
of the ice loss with an exponential decay and a linear function, these two processes can be sepa- 
rated and the photodesorption yield determined (Fig.|2]i. The resulting yields are 2.1[1.0]xl0"^ and 
2.4[1.2]xl0"^ desorbed molecules per incident UV photon at 20 and 50 K, respectively. There is 
thus no evidence for a temperature dependence of the photodesorption yield within the investigated 
temperature range. 
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Fig. 2. The loss of CH3OH ice through photolysis and photodesorption at 20 and 50 K as a function 
of UV fluence. The curves are fitted with Aq+Ai x ^+A2(l - exp(-0 x cr)). The thin dashed lines 
show the offset decomposition of the function belonging to the 50 K experiment into its exponential 
photolysis part and its linear photodesorption part. 



T hese yields agree with pr evious photodesorption studies of other molecules ( IWestlev et al 



1995HOberg et allboOTiEoOolbl) and confirms the assumption in several observational and model 
papers that most ice molecules have similar photodesorption yields, around 10"^ per incident UV 
photon. The CH3OH photodesorption mechanism is suggested to be similar to H2O and CO2, 
i.e. a photodesorption event is initiated by photodissociation of a surface CH3OH molecule. The 
fragments contain excess energy and either desorb directly or recombine and desorb. The insen- 
sitivity to temperature suggest that longer range diflrusion is comparatively unimportant and that 
most molecules desorb through the escape of the produced photodissociation fragments or through 
immediate recombination, in the same site, and desorption of the fragments following photodis- 
sociation. A more complete study including different ice thicknesses and temperatures is however 
required to confirm the proposed photodesorption pathway. 

Another conceivable indirect photodesorption mechanism is desorption due to release of chem- 
ical heat following recombination of two therma Uzed radicals, first su ggested bv I William si (119681) 
and more recently investigated theoretically by iGarrod et al 



( l2007h . Its quantification requires 



more sensitive QMS measurements than is possible with this setup. The temperature indepen- 
dence suggests, however, that this is a minor desorption pathway in this setup, compared to direct 
photodesorption. 
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3.3. Dependence of photo-product spectra on experimental variables 

The influence, if any, of different experimental variables on the resulting infrared spectra of irradi- 
ated CH3OH ice is investigated in detail below. These dependences are then used in the following 
sections to identify absorption bands and to subsequently quantify reaction rates, diffusion barriers 
and photodissociation branching ratios. The results are also independently valuable, since many of 
these experimental variables also vary between different astrophysical environments. 



3.3.1. UV fluence 

In most experiments, the ices are exposed to a total UV fluence (i.e. total flux integrated over the 
time of the experiment) of ~ 2.4 x 10'^ cm"^, which is co mparable to the UV fluence in a cloud 



core after a million years with a UV flux of 10"* cm"^ s^' dShen et al.ll2004l) . This agreement is 
important since the composition of photoproducts changes with UV fluence in all experiments. 
This is illustrated in Fig. [3] which shows spectra of an originally 20 ML thick CH3OH ice at 
50 K after different fluences. This effect is demonstrated numerically below for three of the bands 
representing complex OH bearing molecules (X-CH2OH) at 866/890 cm ', simple photoproducts 
(CH4) at 1301 cm and HCO/COOH bearing complex molecules (shortened to X-CHO in most 
figures for convenience) at 1747 cm These molecular class assignments agree with previous 
studies and are discussed specifically in ^3.51 After a fluence of ~ 7 X 10'^ cm~^ the relative 
importance of the integrated bands at 866/890, 1301 and 1747 cm ' is 0:90:10. After a fluence 
of ~ 2.2 X 10'^ cm"^ this has changed significantly to 35:34:31. The product composition after a 
particular fluence cannot therefore be Unearly scaled to a lower or a higher fluence. 



3.3.2. UVflux 

The flux levels in the laboratory (~10''' UV photons cm"^ s"') are several orders of magnitude 
higher than those found in most astrophys ical environments - the interstellar irradiation field is 



~10 photons cm s dMathis et al.lll983h . Hence the product dependence on flux, if any, is re- 
quired before translating laboratory results into an astrophysical setting. Figure |4] shows that two 
spectra acquired after the same fluence, but irradiated with a factor of four different flux, are iden- 
tical within the experimental uncertainties. Numerically, the relative importance of the integrated 
bands at 866/890, 1301 and the 1747 cm"' are 15:56:29 in the low flux experiment and 24:51:25 for 
the high flux experiment after a total fluence of 2.2 xlO'^ cm"^. Including a 10-20% uncertainty 
in the band intensities (the higher value for the 866/890 cm ' band), there is thus no significant 
dependence on flux within the explored flux range at 20 K. The same holds for similar experiments 
at 50 K (not shown). This does not exclude a flux dependence at astronomical time scales, but it 
does provide a benchmark for models aiming to translate laboratory results into astrophysical ones. 



3.3.3. Ice thickness 

Figure |5] shows that both the fractional CH3OH destruction, as evidenced by e.g. the vj band in- 
tensity, decrease around 1130 cm and the fractional formation of a few new spectral features 
are enhanced in thin ices (~ 6 ML) compared to the standard 20 ML experiment. However, this 
does not necessarily imply a different chemistry in thinner ices. Rather the difference in CH3OH 



12 



Karin I. Oberg et al.: Formation of complex organics in CH3OH ice 



0.04 



t 0.03 



0.00 - 



-1 — 1 — 1 — r 

X-CHO 



_L 




_L 



_L 



1800 1600 1400 1200 

Wavenumbers / cm"' 



1000 



800 



Fig. 3. The different growth rates of spectral features in a CH3OH ice at 50 K a) before U V ir- 
radiation and after a UV fluence of b) 7x10^^ c) 4x10^^ d), 8x10'^ and e) 2.4x10'^ cm l The 
CH3OH features are marked with thin lines. New features are present at 1750-1700, 1400-1150, 
1100-1050 and 950-850 cm including the bands belonging to CH4, complex aldehydes and 
acids (X-CHO), and complex alcohols (X-CH2OH), where X^tH. 
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Fig. 4. The spectra of originally (a) 21 and (b) 19 ML thick CH3OH ice irradiated with a UV flux 
of (a) 1.1x10'^ cm"2 s"' and (b) 4.3x10'^ cm"^ s"' at 20 K achieve flie same fluence of 2.2 xlO'^ 
cm"^. The CH3OH features and some product bands are marked as in Fig. [3] 
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Fig. 5. The differences in the photolyzed CH3OH spectra of two different original thicknesses after 
the same fluence of ~2.4xl0'^ cm"^. The 20 ML (red dashed lines) ice spectrum is normalized to 
have the same CH3OH absorbance as the 6 ML (black solid lines) ice experiment before irradia- 
tion to facilitate comparison of fractional photoproduct rates. CO and H2CO bands are marked in 
addition to the spectral features focused on in previous figures. 

destruction may be explained by an increased escape probability of photoproducts in the thinner ice 
and by the greater importance of direct photodesorption. Similarly, the observed relative enhance- 
ments of the CO band at 2150 cm ' and the 1700 cm ' band in the 20 K experiment are probably 
due to the constant freeze-out of CO during the experiment, up to 0.2 ML out of 0.5 ML CO ice 
detected at the end of the 6 ML experiment, and its reactions to form more HCO-bearing carriers 
of the 1700 cm ' band. Therefore, despite the apparent dependence of the spectral features on ice 
thickness, there is no significant evidence for different formation yields in 6 and 20 ML thick ices. 
This means that bulk reactions still dominate over the potentially more efficient surface reactions 
in ices as thin as 6 ML, at these fluences. 

3.3.4. Ice temperature during irradiation 

The photolyzed ice spectra depend on the ice temperature, illustrating the different temperature 
dependencies of different photochemistry products (Fig.|6j. The 1727 (H2CO + X-CHO) and 1300 
(CH4) cm ' features are most abundantly produced at the lowest investigated temperature of 20 K, 
while the 866/890 cm ' bands increase in strength with temperature and the 1747 (X-CHO) cm ' 
feature is barely affected by temperature changes. The different temperature dependencies can be 
used to infer the size of the main contributor to each band; photolysis fragments and molecules 
that form through hydrogenation of such fragments are expected to be most abundant at 20 K, 
while molecules that form from two larger fragments will be more efficiently produced at higher 
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Fig. 6. The photolyzed CH3OH spectra at different temperatures after the same fluence of 
~2.4x 10'^ cm"^ for 19-22 ML thick ices. The arrows mark new bands at the temperature at which 
they are most abundantly produced and some key features are also named. 

temperatures where diffusion is facilitated. This is complicated by competition between different 
reaction pathways, which may inhibit the formation of some complex molecules at higher tempera- 
tures where new reaction channels become possible. Nevertheless, the dependence on temperature 
of different bands can aid in identifying their molecular contributors. All formed bands are thus 
classified according to the temperature at which they are most abundantly produced (Fig. |6]l, ex- 
cept for a few bands, where the dependence on temperature is too weak to assign them to a certain 
temperature bin. This information is summarized in Table |3] 

3.3.5. Pure CH3OH ice versus CHsOHiCO 1 :1 and CH30H:CH4 1 :2 ice mixtures 

In the set of experiments where CH3OH is mixed with CH4 or CO at ratio, the resulting pho- 
toproduct compositions are significantly different compared to those obtained from pure CH3OH 
ice experiments. This is illustrated in Fig.|7]for ices irradiated at 30 K. In the CH30H:CH4 mixture, 
bands corresponding to complex molecules at 822, 890, 956, 1161, 1350 and 1382 cm"' are en- 
hanced, while in the CH30H:C0 mixtures, the 1214, 1245, 1350, 1498, 1727, 1746 and 1843 cm"' 
bands grow faster compared to pure CH3OH ice. A few bands are most prominent when no other 
species is added to the CH3OH ice, for example the 866 and 1195 cm ' bands. The 1726-1747 
cm ' band excess in the CO-containing ices shows that molecules that contain an HCO group can 
be overproduced by adding CO. Similarly, the band enhancements in the CH4-containing ices are 
expected to arise from overproduction of CH3 -containing molecules. These observations are used 
below for band identifications and later to explain variations in abundances of different complex 
molecules in star-forming regions. 
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Fig. 7. The changes in the photolyzed ice spectra for pure CH3OH (19 ML), and 1:1 CHsOHtCO 
and 1:2 CH30H:CH4 ice mixtures at 30 K (23 and 38 ML, respectively) after the same fluence of 
~2.4x 10'^ cm"^. The spectra have been scaled to correspond to the same initial CH3OH abundance. 
The arrows mark new bands in the ice mixture where they are most abundantly produced. 



3.3.6. CH3OH deuteration level 

In the partially deuterated ices (CH3OD and CD3OH) some band positions do not change com- 
pared to regular CH3OH, while others are either shifted or completely missing (Fig. [8]). Bands 
that are present in the CH3OH ice and missing in the CH3OD experiments must originate from ei- 
ther OH(D)-containing molecules with the H involved in the vibrational mode in question or from 
simple hydrogenated species. These two groups of molecules are seldom confused and thus com- 
parison between the photolyzed CH3OH spectra and the photolyzed CH3OD spectra can be used to 
assign some alcohol-bands. The band positions that are constant between the CH3OH and CH3OD 
do not however exclude the contributions of OH-containing molecules to these bands, since the OH 
group can be present in the molecule without involvement in the vibration in question. Comparing 
the CH3OH and CH3OD experiments, the bands at 866 and 890 cm ' are obviously affected. The 
1700 cm ' band is somewhat reduced in the CH3OD experiment, suggesting that one of the carri- 
ers is HOCH2CHO. An underlying broad feature around 1600 cm ' is also reduced in the CH3OD 
experiment. 

As expected, few of the bands in the CH3OH experiments are still present in the UV-irradiated 
CD3OH ice. The complex at 900-860 cm^^and some of the X-CHO features are exceptions, though 
the bands are shifted. The only bands expected to appear at their normal positions come from H2O2 
and possible H2O dependent on the main source of hydrogen in the ice; neither species is obviously 
present in the ice from the photolyzed CD30H-ice spectra. 
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Fig. 8. The resulting spectra of photolyzed pure CH3OH , CH3OD and CD3OH ices at 50 K after 
the same fluence of ~2.4xl0'^ cm"^. The thin lines below each spectra mark the original CH3OH, 
CH3OD and CD3OH features. The strongest band in each spectrum is blanked out for visibility. 

3.3.7. Spectral changes during warm-up 

Following irradiation at the specified temperatures, the ices are heated by 1 K min ' to 200 K and 
spectra acquired every 10 min. Figure |9] shows the irradiated CH3OH ice between 20 and 190 K. 
The UV lamp is turned off during the warm-up and thus the ice composition only depends on 
thermal desorption and reactions of previously produced radicals. As the ice is heated (Fig. |9]l, 
several new spectral bands appear, while others increase or decrease in strength with temperature. 

The 866, 890 and 1090 cm ' bands increase most dramatically in intensity during warm-up of 
the 20 K pure CH3OH ice. Simultaneously the 1 195 cm ' feature loses intensity. The 866 and 890 
cm"' bands remain until 170 K and are the last sharp features to disappear The 1747 and 1214 
cm"' bands also increase in intensity with temperature. In contrast the bands at 1245, 1300, 1727 
and 1850 cm"' only lose intensity during warm-up. Most of these bands only disappear completely 
at the desorption temperature of CH3OH, 120-130 K, indicating significant trapping of molecules 
inside the CH3OH ice. Significant bulk chemistry is thus required to explain the results (see also 
93.3.31 ). At 190 K there are still some shallow bands left, which only disappear after the substrate 
has been heated to room temperature. 

Experiments 17 and 18 show that the warm-up rate matters somewhat for the final ice compo- 
sition. The quantification and discussion of this eff'ect is saved for Paper II. 

3.4. Reference RAIR spectra and TPD experiments of pure complex ices 

Photolysis of CH3OH ice and recombination of the fragments can theoretically result in a large 
number of new species. To facilitate the identification of these species, this section briefly presents 
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Fig. 9. The photolyzed ice spectra during warm-up following irradiation at 20 K with a fluence of 
~2.4xl0'^ cmT^ - the UV lamp is turned off during the warm-up. The thin lines mark CH3OH 
features with the two strongest bands blanked out for visibility. 



new RAIR spectra and TPD time series of all stable, complex photoproducts considered in this 
study. Radicals are expected to form in the photolyzed ice, but these cannot be produced in pure 
form in ices and thus comparison spectra are difficult to obtain. 

Figure [10] shows the RAIR spectra of CiHe (ethane), CH3CHO (acetaldehyde), CH3OCH3 
(dimethyl ether), CH3CH2OH (ethanol), HCOOH (formic acid), HCOOCH3 (methyl formate), 
CH3COOH (acetic acid) and HOCH2CHO (glycolaldehyde) at 20 K and (CH20H)2 (ethylene gly- 
col) at 150 K. Below 150 K the (CH20H)2 spectrum contains CH3OH features despite the high 
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Fig. 10. RAIR spectra of 3-9 ML thick pure complex organic ices at 20 K (except for (CH20H)2 
at 150 K) used to identify stable photoproducts. The red arrows indicate the bands mainly used for 
identification and abundance determinations - HCOOH has no sharp isolated feature. The dashed 
lines follow the arrows through all spectra to visualize overlaps with other spectral bands. The 
shaded regions show the wavelength regions where fundamental modes of CH4, H2CO and CH3OH 
absorb. 



stated purity (99%) of the sample. The spectral bands above 2000 cm"' are not shown since all 
complex molecule spectral features in that region overlap with strong CH3OH features and thus 
cannot be used for identification. The figure illustrates that most bands overlap with at least one 
band from another complex molecule or with bands of H2CO and/or CH3OH, which is expected 
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Fig. 11. TPD spectra of pure complex organic ices used to identify photoproducts together with a 
CH3OH TPD curve. 



for complex molecules with the same or similar functional groups (e.g. absorption by HCO/COOH 
stretches at 1700-1750 cm~^). The red arrows indicate the bands mainly used for identification of 
each species. These bands are chosen to overlap as little as possible with strong absorption features 
of other species. For HCOOH, CH3COOH, HCOOCH3 and HOCH2CHO there are no suitable 
bands for determining the produced abundances in most experiments, i.e. the isolated bands are 
too weak to provide detections or strict upper limits. For these molecules the red arrows indicate 
the bands used to derive upper limits, while the 1700 cm ' band is used to derive the sum of their 
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abundances once the H2CO contribution has been subtracted. Where bands are partly overlapping 
only the low- or high-frequency half of the band is used for identification. 

Figure [TT] displays the TPD curves for the same complex molecules as shown in Fig. [10] The 
QMS signal belonging to the molecular mass is plotted for each TPD experiment. The m/z values 
of all possible fragments have also been gathered, and are used to separate TPD curves of molecules 
of the same molecular mass that desorb in a similar temperature interval. For example, CH3COOH 
and HCOOCH3 both have a molecular mass of 60, but CH3COOH frequently loses an OH group in 
the QMS, resulting in m/z = 17 and 43, while HCOOCH3 does not. The TPD curves were modeled 
using the IDL routine MPFIT under the assumption of zeroth order desorption behavior, which is 
expected for multilayer ices. The desorption rate is then v x A^sites x exp(-£'de.s/r). The vibrational 
frequency v is defined as a function of the desorption energy Edes: v = V(2^BA^sites£^des7r"^m"'), 
where A^sites is the number of molecular sites per cm"^ and m is the molecular mass - A^sites is 
a constant and assumed to be 10'5 cm"^ in line with previous studies. The resulting desorption 
energies are reported in Table|2] The uncertainties include both model uncer tainty and experimental 
errors. The values agree with those published by Garrod & HerbstI (l2006h . based on experiments 
on water rich ice mixtures bv lCollings et al.l (120041) . within 20%, except for HCOOCH3 where the 
discrepancy is larger This may however be due to experimental differences, i.e. pure ices here 
versus their ice mixtures, rather than experimental errors. 



3.5. Identification of CH3OH ice UV pliotoproducts 

In addition to the complex molecules described in the previous section, smaller molecules and 
radicals that form via CH3OH photodissociation are also considered when assigning spectral bands 
following CH3OH ice photolysis. Identification of all photoproducts is a two-step process where 
the first step is the comparison between new band positions and experimentally or calculated band 
positions of molecules and fragments to establish a list of possible carriers to each observed band. 
In the second step the behavior of the band when changing experimental variables, as described 
in S3. 31 is employed together with QMS data (Fig.fT2li to determine which ones(s) of the possible 
candidates is the most important contributor to the formed band. Combining all information, a band 
identification is considered secure when consistent with the list of criteria below. 



1. The spectral band position in the photo lysis spectra must agree within 15 cm of a measured 
pure ice band (e.g. Hudson et allboOS ) or within 50 cm ' of a calculated band position for the 



species in question to be considered a candidate carrier of the observed band. In each case all 
spectral features within the spectrometer range are checked for consistency even if only one 
band is used for identification. 

2. The temperature at which the band starts to disappear during warm-up is compared for con- 
sistency with the observed desorption temperatures of different complex molecules in pure-ice 
TPD experiments. 

3. The mass signature in the TPD experiment following UV irradiation is checked at each tem- 
perature where a tentatively assigned band disappears during warm-up (Fig.[T2li. 

4. The band positions of new carriers in UV-irradiated CH3OH and partly-deuterated CH3OH 
experiments are compared to check that the expected shifts occur as discussed in ^3.3.61 
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"The temperature at which the band carrier is most efficiently produced. 
''The temperature at which the band starts to disappear during warm-up with 1 K min"'. 
Minor contributor in most experiments. 

5. The irradiated spectra are examined for band enhancements and suppressions in CH3OH mix- 
tures with CO and CH4. In CH4 experiments, species containing CH3 groups are expected to 
be over-produced compared to pure CH3OH ice experiments. Similarly in CO containing ex- 
periments, HCO-group containing species should have enhanced abundances. 

6. Irradiation experiments at different temperatures are compared to ensure consistency with the 
expected relative diffusion barriers of differently sized radicals (see also ^3.3.41) . 

7. Finally, the temperatures at which radicals disappear during warm-up are compared with the 
spectroscopic appearance or increase of the molecular band in question; where radicals are 
detected, the loss of radical bands during warm-up should correspond to the enhancement of 
molecular bands formed from recombination of these same radicals. 

All observed bands and their inferred carrier properties are listed in Tabled i.e. if a band is 
enhanced in the COiCHsOH mixture its main contributor contains a CO group, if it is enhanced in 
the CH4:CH30H mixture the main contributor contains a CH3 group and if the band disappears in 
the CH3OD experiment the main contributor contains an OH group. 
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3.5.1. Small molecules: H2, H2O, CH4, CO, O2, H2CO, H2O2 and CO2 



H2 probably forms in the photolysis experiments, since CH2OH is observed and thus H atoms 
must be produced in the ice (see below). Two H atoms can subsequen tly recombine to form H2 as 
observed in D2O photodesorption e xperiments (Watanabe et al.ll2000 ) and following UTadiation of 
H20:CH30H:NH3:CO experiments ( Sandford & Allamandolall993 ). Detections or determinations 
of strict upper limits of H2 are however not possible because of a lack of strong infrared transitions 
together with the expected fast desorption of any H2 from ices above 20 K. 

H2O (D2O) is visible during warm-up following the desorption of CH3OH (CH3OD). However, 
its origin is unclear, since H2O is the main contaminant in the chamber. During irradiation, the H2O 
stretching and libration modes are hidden under strong CH3OH bands and thus cannot be used for 
identification. The 1670 cm ' bending mode coincides with the broad wing of the 1727 cm ' 
band found in most irradiated CH3OH spectra. The wing is probably reduced in the CH3OD ice, 
depending on the baseline determination, but it is also not visible in the CD3OH ice (Fig.[8]|. Thus, 
there is no clear evidence for the amount that H2O contributes to this feature. The best constraints 
on water formation come instead from the CH3OD experiments where ~0.5 ML D2O is detected 
at the end of the experiment, corresponding to a few percent with respect to the initial CH3OD 
amount. 

CH4 is formed in all experiment s, identified by its relatively isolated V4 band at 1301 cm ' 



dD'Hendecourt & AUamandola 



19861) . The CH4 V3 feature at 3008 cm ' is also one of the few 



bands that are clearly visible on top of the CH3OH bands in that region 
CO has a single strong feature at 2139 cm"^ (iGerakines et al 



1995), which is shifted to 2135 



cm ' in the experiments here. The feature cannot be confused with those of any other species and 
the identification is thus clear. Of the observed CO ice amount ~0.2 ML originates outside of the 
CH3OH ice. This is however only significant for the thin (~6 ML) 20 K ice experiments. At 30 K 
and above the CO sticking coeflicient is low ( Bisschop et al.ll2007b ). 

O2 has no strong infrared bands. During warm-up of the 20 and 30 K experiment there is no 



miz - 32 detected at the expected O2 desorption temperature of ~30 K dAcharvva et al 



2007). In 



contrast there is a clear m/z-28 band from CO in this temperature region. If CO and O2 can be 
assumed to behave similarly this puts an upper limit on the O2 production to less than 5% of that 
of CO at 20 K. 

H2CO has three strong bands between 2000 and 800 cm ' at 1723, 1494 and 1244 cm The 
1723 cm"' band overlaps with several complex spectral features, and the 1494 cm"' band sits on 
the shoulder of a strong CH3OH band. The 1244 cm"' band is relat ively isolated and has been 
used previously to constrain the H2CO production dBennett et al I2OO7I) . All three bands are readily 
observed in the irradiated ices between 20 and 50 K. The 1244 and 1494 cm"' bands are strongly 
correlated and are most abundantly formed at low temperatures, while the 1723 cm"' band is less 
dependent on temperature, as expected from its multiple carriers. All three bands are enhanced in 
all CH30H:C0 ice-mixture experiments and these identifications are therefore considered secure. 

All fundamental H2O2 infrar ed bands completely overlap with stron g CH3OH bands in the 
investigated spectral region (e.g. 



Loeffler et al. 



2006; 



loppolo et al.ll2008l) . A small m/z-34 peak 



was observed during CH3OH desorption. Without comparison TPD this cannot be used quantita- 
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lively, however. Thus, while some h202 probably forms, its formation rate cannot be constrained 
experimentally. 

CO2 has a strong band at ~2340 cm"', which is seen in all experiments at high fluences. 
Because of purge problems this spectral region is somewhat polluted with CO2 lines from gas 
outside of the vacuum chamber. This results in a larger uncertainty in the derived CO2 abundance 
than would have been the case otherwise. 



3.5.2. Radicals: OH, CH3, HCO, CH3O, CH2OH 



OH ab sorbs at 3423 and 3458 cm ' fro m a study on pure H 2O ice photolysis by 



Gerakines et al 



Bennett et al 



(I2007I) calculated the band position to be at 



( 119961) . using transmission spectroscopy.!] 
3594 cm"' using the hybrid density functional theory with the 6-31 lG(d,p) basis set and refining 
the output with the coupled cluster CCSD(T) meth od - these calculation s have typical gas-phase 
band-position uncertainties of 0.5-1% or <50 cm ' ioalabov et all2002i . There are some shallow 
bands in the 3400-3600 cm"' wavelength region in our CH3OH experiments, that disappear be- 
tween 30 and 50 K, and that are also present in the CD3OH ices but not in the CH3OD ones. The 
bands are however an order of magnitude broader than observed for OH radicals in matrix studies 
(lAcquista et al.lll968h . This may be due to their interactions with other H-bonding molecules, but 
with such a disagreement present, these bands cannot be assigned to OH radicals with any certainty. 
The presence of the broad features also prevents the determination of strict upper Umits. 

HCO can be id entified from its V2 band between 1840 and 1860 cm"' dGerakines et al. 



Bennett et al 



1996 



Bennett et al 



20071) . No stable species considered in this study absorbs in this region 
(I2007h calculated the band positions of a large number of unstable species that can theoretically 
form in an irradiated CH3OH ice and none of these have absorption features within 50 cm"' of 1840 
or 1 860 cm" ' . Furthermore the band enhancement in the CO ice mixture and the low temperature at 
which the bands disappear all point to HCO. The assignment of this band to HCO is thus considered 
secure. 



Calculations predict that CH3 absorb at 1361 and 3009 cm"' ( iBennett et al.ll2007h . In the 30 K 
CH4 ice mixture, two bands appear close to these wavelengths, at 1385 and 2965 cm"'. Using the 
band width from the CH4 ice mixture, this wavelength region could be used to constrain the CH3 
production in all ices. Unfortunately, the band strength is not known well enough to derive useful 
upper limits. 



Bennett et al. 



(120071) calculated that the CO stretching band around 1 170 cm ' is the strongest 



CH2OH band within our spectral range. From matrix isolation experiment s CH2OH has been foun d 



Gerakines et al 



( Il996h and 



Bennett et al. 



to have one strong band at 1 183 cm ' in agreement with the ca lculations (iJacox & Milligan|[l973h . 
Similarly to 



(l2007b . we detect a feature at 1195 cm 



which appears at the onset of irradiation in all pure CH3OH experiments and is most abundant in 
the 20 K ice as would be expected for a radical (Fig. |6]l. The band is not enhanced in the CO- or 
CH4-containing ice mixtures, which confirms that the band forms from CH3OH alone. It is also 
not present in the CH3OD ice after irradiation. The band starts to disappear around 50 K during 
warm-up, at the same time other bands grow, which can be ass i gned to m ore complex CH2OH 
bearing species. Thus we confirm the results of 



Gerakines et al 



(1 19961) and 



Bennett et al 



(l2007h 
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that the 1195 cm"' band observed at low temperatures is due to CH2OH. Above 50 K, it is only 
possible to derive CH2OH upper limits, because of overlap with other absorption features. 

CH3O is predicte d to have two fundam ental transitions, isolated from strong CH3OH bands, at 



1319 and 1329 cm"' dBennett et alj|2007h . The closest observed bands are the CH4 band at 1300 
cm"' and a weak band at 1350 cm"'. The 1350 cm"' feature only starts to disappear at 70 K, 
which is a higher temperature than expected for a radical. It is also somewhat enhanced in CO- 
and CH4-containing mixtures. Hence there is no evidence for abundant build-up of CH3O in any 
of the experiments. This is consistent with the comparatively small formation of CHsO-containing 
molecules during warm-up of the irradiated ice as is reported in more detail below. 



3.5.3. CH3-bearing complex molecules: C2H6, CH3CHO, CH3CH2OH and CH3OCH3 

C2H6 is only detected in the UV-irradiated 30 K CH30H:CH4 ice mixture experiment (Fig.|7ll. This 
ice spectrum contains a clear feature at 822 cm"' with the expected band width of C2H6. The band 
starts to disappear at 50 K during warm-up and it can thus be securely assigned to C2H6. The same 
spectral region is used in the other experiments to derive strict upper limits on the C2H6 production. 

Figure [13] shows that there is a shallow band at the frequency of the CH3CHO 1350 cm"' 
feature in most experiments and that CH3CHO is the only molecule with a directly overlapping 
band, though the wing of the HOCH2CHO band cannot be excluded as a carrier from spectral 
comparison alone. At 30 K, the feature is somewhat enhanced in both the CH4- and CO-containing 
mixtures, when comparing ices at the same temperature. The temperature at which the feature starts 
to disappear (100 K) is close to the expected desorption temperature for CH3CHO from the pure 
TPD experiments. The feature is completely gone before the onset of CH3OH desorption which 
excludes significant contributions from less volatile molecules, like HOCH2CHO. Together these 
observations are only consistent with CH3CHO as the main carrier 

Figure [13] also shows that a band at 1380 cm"' in the photolysis spectra correlates with the 
pure CH3CH2OH ice feature, but HOCH2CHO is also a potential carrier. The band is, however, 
enhanced in the CH4-mixture experiments. Simultaneously a band at 885 cm"' is enhanced (Fig. 
[T3]) . which can be attributed to CH3CH2OH as well. Furthermore, the 1380 cm band starts to 
desorb at 120 K, with CH3OH, while the complex HCO-bearing species only experience significant 
desorption at 150 K. This suggests that CH3CH2OH is the main carrier of the 1380 cm"' feature. 
The assignment is confirmed by a mji - 46 detection at the desorption temperature of CH3CH2OH; 
the QMS signal is enhanced by about a factor of three in the CH4 mixture experiment, which is 
of the same order as the RAIRS band enhancement. In the CO ice mixtures the contribution of 
HOCH2CHO may however be significant and in these ices the 1380 cm"' feature is only used to 
provide upper limits on the CH3CH2OH production. 

CH3OCH3 has no t been generally cons i dered as a photopro duct of CH3OH ice in previous 



experimental studies (iGerakines et al 



1996 



Bennett et al. 



20071) . CH3OCH3 is however formed 



in the ice in our experiments; the feature at 1090 cm"', which can contain contributions from 
CH3OCH3, CH3CH2OH and (CH20H)2 loses intensity at 90 K, before the onset of desorption of 
any of the other two species, which is only consistent with the presence of CH3OCH3 in the ice. 
Furthermore, Fig. [14] shows that the band seen around 1170 cm"' agrees better with CH3OCH3 
than any other complex molecule and that it has no similarity with the nearby HCOOCH3 band. 
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with which it is usually identified dGerakines et al 



1996 : 



Bennett et al 



20071) . The band is not 



significantly affected by the ice temperature during irradiation and during warm-up it starts to lose 
intensity around 90 K, close to the CH3OCH3 desorption temperature (Fig.fTTT). At the same time 
a miz value of 46, characteristic of CH3OCH3, is detected by the QMS (Fig.[T2]i. The 1170 cm ' 
band is enhanced in the CH4 mixture and so is a feature at 920 cm which can also be attributed 
to CH3OCH3. Neither feature is enhanced in the CO ice mixture, which confirms the identification 
of the band carrier with CH3OCH3. The uncertainty of the integrated abundance of the CH3OCH3 
feature is relatively large because of uncertainties in the baseline due to overlap with HCOOCH3 
and CH3OH bands. 



3.5.4. CHO-bearing complex molecules: HCOOH, HOCH2CHO, HCOOCH3 and CH3COOH 

In the pure CH3OH ice experiments, none of the CHO-bearing species, except H2CO and 
CH3CHO, are uniquely identified. Similarly HCOOH and CH3COOH have no unique bands. A 
mixture of these compounds can, however, be identified from the growth of the 1700 cm ' com- 
plex (Fig. [T4l i. The relative importance of the different contributors in different mixtures and at 
different temperatures can also be assessed by spectral comparison. Figure[T4]shows that the shape 
of the 1700 cm ' band depends on the ice temperature during irradiation. At lower temperatures, 
a broad feature, peaking at 1725 cm ' dominates, which can be identified with H2CO. At higher 
temperatures the band is more similar in width to CH3CHO and HCOOCH3. This is true both 
when the ice is irradiated at higher temperatures and when an ice irradiated at 20 K is warmed 
up to >50 K. Simultaneously, the high frequency wing becomes more pronounced, suggesting an 
increasing importance of HOCH2CHO, compared to HCOOH. This is the case in both pure and 
CH30H:C0 ice mixtures. 

In the CO-dominated CH30H:C0 1:10 mixtures, where the formation of many of the com- 
plex molecules is quenched, some of the weaker features of molecules like HOCH2CHO and 
HCOOCH3 are visible during warm-up of an ice irradiated at 20 K (Fig.fTSll. The final abundance 
ratio of HOCH2CHO/HCOOCH3 is approximately 1/2 at 100 K. However, HCOOCH3 starts to 
form at a lower temperature; thus the ratio of the two species changes with temperature. The simi- 
lar 1700 cm ' feature in this experiment and in the pure CH3OH ice experiments suggests that these 
two molecules contribute the same fractions to the 1700 cm ' band in all mixtures, depending only 
on the temperatures at which they are irradiated, or the temperature to which they are subsequently 
heated. 



3.5.5. (CH20H)2 

(CH20H)2 is the main carrier of the 866 cm ' feature in Fig.[T3] This is inferred from the ice warm- 
up, where the band does not decrease by more than 10-20% around the desorption temperature 
of HOCH2CHO - the only other possible carrier The remainder of the band disappears around 
180 K, the desorption temperature of (CH20H)2. The QMS simultaneously detects a strong m/z=62 
signal . The assignment of this band to mainly (CH20H)2 is thus secure, but the uncertainty in the 
abundance is higher than for some other species because of a small contribution of a HOCH2CHO 
feature to the band. In the CO ice mixtures the (CH20H)2 abundance is instead calculated from the 
890 cm ' band, which partially overlaps with a CH3CH2OH ice feature. 
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Table 4. Potential photoproducts with infrared transitions. 



Species 


Band 


Band position 


Fitting region 


tr band area 


Band strength" 






(cm-') 


(cm-') 


(cm-') 


(cm-') 


H2O 


V2 


1670 


1600-1670 


ul'' 


1.2x10"'^ (1) 


CH3 


V2 


1385 


1380-1390 


ul 


6.9x10-" (2) 


CH4 


V4 


1301 


1290-1310 


0.002 


1.2x10-'^ (3) 


CO 


Vl 


2135 


2125-2145 


0.001 


1.1x10-'^ (1) 


HCO 


yi 


1850 


1840-1860 


0.0005 


2.1x10-'^ (2) 


H2CO 




1245 


1228-1265 


0.01 


1.0x10-"* (4) 


CH2OH 


Va 


1195 


1185-1195 


0.01 


1.6x10-'^ (2) 


C2H6 


V12 


822 


809-832 


0.001 


1.6x10-'^ (5) 


CO2 


Vl 


2340 


2330-2350 


0.005 


1.2x10-'^ (1) 


CH3CHO 


V7 


1350 


1337-1350 


0.003 


6.1x10-"* (5) 


CH3CH2OH 


V12 


1380 


1380-1395 


0.002 


1.9x10-"* (5) 


HCOOH 


V3 


1740 


1739-1773 


ul 


6.7x10-'^ (6) 


CH3OCH3 


VlO 


1161 


1151-1171 


0.003 


1.2x10-'^ (7) 


HCOOCH3 


Vg 


1214 


1216-1233 


ul 


2.1x10-'^ (2) 


HOCH2CHO 


V6 


861 


851-871 


ul 


3.4x10-"* (8) 


CH3COOH 


V|4 


1746/1770 


1760-1772 


ul 


1.1x10-"' (9) 


(CH20H)2 


Vi4 


866/890 


851-876 


0.006 


3.4x10-"* (8) 


X-CHO/X-COOH'^^ 


CO stretch 


1680-1780 




0.01 


5.4x10-'^ (2,6,8) 



"The listed values are transmission band strengths, for our RAIRS experiments they are scaled by a factor of 

5.5, determined empirically. 

''Only an upper limit could be determined. 

^An average of the HCOOH, HCOOCH3 and HOCH2CHO band strengths of 6.7, 4.8 and 4.6x10" cm ' is 
used. 
(1) 



Gerakines et al 



199: 



1. 



(2) calcul ated band st rength s from 



(9) 



Marechal 



orj Jli 
19871) . 



(4) 



Schutte et al 



Bennett et al. 



12007), (3) 



1 19931) . (5) iMoore & HudsonI (Il998), (6 ) 



D'Hende court & Allamandold ( 119861) 

Hudson & Moord ( |1999|) . (7) from CHaOHiCHjOCHj ice mixture spectroscopy, (8) [Hudson et al 



(20051), 



3.6. Abundance determinations of pliotoproducts 

Table |4] lists the possible photoproducts considered in the previous section that have strong in- 
frared transitions, together with the bands used for quantification, the fitting regions, the band 
strengths and the estimated uncertainties of the integrated absorbance. The integrated absorbance 
of each molecular band is determined by first automatically scaling the previously acquired com- 
plex molecule spectra to the band over a defined fitting region, using a personal IDL routine. The 
scaled band in the complex molecule spectrum is then integrated to determine the molecular abun- 
dance rather than directly integrating the band in the irradiated CH3OH spectra. The complex ice 
spectra used of comparison are pure ice spectra. Mixing these complex ices with CH3OH may 
cause some changes in the band shape, position and strength of the complex features. The change 
in band shapes for some key species, such as CH3OCH3, between pure ice and ice mixtures with 
CH3OH have therefore been investigated to ensure that they are not substantial enough to affect 
band assignments. The changes in band strengths remains unknown but are unlikely to exceed 20% 
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from previous studies on organic species in pure ices and in hydrogen-bonding ices dBoogert et al 



19971). The fitting regions are chosen for each species to ensure that the template spectra are fitted 



to the part of the band that has no other possible contributors than the species in question. This 
is especially important in spectrally crowded regions, where the absorption features of different 
potential photoproducts partially overlap. For example, the CH3CH2OH spectrum is only fitted to 
the high frequency half of the 1360 cm"' band when determining the CH3CH2OH abundance to 
avoid contributions to the band intensity from HOCH2CHO. The integrated absorbance uncertainty 
varies by an order of magnitude between the different species, mainly dependent on how crowded 
the region is, since a major source of error is the choice of the local baseline. 

The integrated absorbance of each species is converted to an abundance using literature band 
strengths for pure ices, with a ~20% uncertainty. Calculated band strengths are less well defined for 
solid-state features, resulting in at least a factor of five uncertainty for the affected species (when 
comparing calculated values to experimental ones). All abundances are reported with respect to 
the initial CH3OH abundance in each experiment to remove the uncertainty in the band strength 
conversion factor between transmission and reflection-absorption spectroscopy as well as to cancel 
the variations in the initial ice thickness between the different experiments. ^3.3.3l showed that the 
ice chemistry does not depend significantly on ice thickness or irradiation flux and therefore only 
the results from the ~2Q ML thick ices with the low irradiation flux are shown explicitly. 

The sum of all CHO- and COOH-containing complex species, except for H2CO and CH3CHO, 
are also reported since these species have no uniquely detected features in most experiments. This 
sum is calculated by subtracting the H2CO and CH3CHO contributions from the 1700 cm"' feature 
and calculating the remaining integrating absorbance. The integrated absorbance is converted into 
a molecular abundance by using an averaged band strength, which is within 20% of the reported 
band strengths of the three suspected main contributors, HCOOCH3, HOCH2CHO and HCOOH. 
The fourth potential major contributor CH3COOH has a factor of two larger band strength, but as 
shown below the CH3COOH upper limits are strict in most experiments and thus it contributes at 
most 10% to the 1700 cm"' feature. 

Figures [16] and [17] show the photoproduct abundances with respect to the initial CH3OH abun- 
dance as a function of UV fluence in 20 and 70 K ices (growth curves for the other experiments 
are shown in the appendices (|A]I-3). The abundances of all fragments and molecules that can 
form directly from CH3OH photodissociation or from hydrogenation of a dissociation fragment 
have a clear inverse dependence on ice temperature, i.e., the abundances of CO, CH4, HCO and 
H2CO are significantly higher at low temperatures than at high temperatures, where recombina- 
tion of large radicals dominates the chemistry. For the more complex products the temperature 
dependence varies. Abundances of molecules that contain an HCO- or a CH3-group do not depend 
on temperature within the experimental uncertainties, while the (CH20H)2 abundance is strongly 
temperature dependent. 

Initial formation cross sections can be derived for the photochemistry products using 

Jt = 

where n is the fractional abundance of the product with respect to CH3OH, (p the fluence in cm"^ 
and cr the formation cross section. A formation cross section only makes strict physical sense for 
fragments that form directly from CH3OH photodissociation; however, it is also a relevant number 
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Table 5. Formation cross sections in 10 cm^ during pure CH3OH ice photolysis. 



Species 


20 K 


30 K 


50 K 


70 K 


CH4 


7.0[1.2] 


7.1[1.3] 


5.8[1.3] 


4.9[1.2] 


CO 


1.0[0.5] 


1.0[0.6] 


0.5[0.5] 


0.6[0.5] 


HCO' 


0.4[0.2] 


0.3[0.2] 


0.3[0.2] 


< 0.2 


H2CO 


15.7[3.4] 


15.4[3.8] 


7.4[3.6] 


< 3.3 


CHjOH" 


3.7[1.0] 


2.9[1.1] 


2.8[1.1] 


1.9[1.0] 


CO, 


0.2[0.2] 


< 0.2 


<0.2] 


<0.2 


CH3CHO 


< 0.1 


<0.1 


<0.1 


0.2[0.1] 


CH3OCH3 


0.6[0.7] 


1.1 [0.8] 


2.2[0.7] 


2.4[0.7] 


CH3CH2OH 


8.6[3.4] 


8.8[3.8] 


2.3[3.6] 


3.9[3.3] 


(CH20H)2 


8.4[5.1] 


10.4[5.7] 


21.8[5.4] 


32.2[5.0] 


X-CHO/X-COOH 


1.5[1.8] 


1.7[1.9] 


2.3[1.8] 


2.0[1.7] 



"The absolute uncertainty is a factor of 5 for HCO and CH2OH. 

whenever photodissociation is the formation-limiting step. Therefore, formation cross sections for 
all simple and complex products forming in the pure CH3OH ice experiments between 20 K and 
70 K are presented in Table|5] The cross sections are calculated from the first 5 x 10'^ UV-photons 
cm"^, which is within the linear growth regime for most molecules. 

The complete shapes of the ice growth curves belonging to the small products, CH4, CH2OH, 
HCO and H2CO, are proportional to Ai(l - e '*^'^), where is the fluence, Ai the steady-state 
abundance, and A2 combines information about the formation and destruction of the molecules in 
question in cm^. At 50 and 70 K, this type of equation also fits the growth in abundances of complex 
species. Several complex production curves are however better fitted with Ai(l - e^'^^^'^^^^^) at 
20-30 K, where A3 is a delay, in fluence units, before the production of the species in question 
starts. In other words, at low temperatures a certain build-up of radicals is required before the 
production of complex molecules becomes efficient (see also Fig.O and therefore a more general 
equation Ai(l - e^^-^^^"^^^), is used to fit their abundances curves. The measured delay is typically 
(1 - 2) X 10'^ photons cm"^: significant for CH3CHO and CH3OCH3 abundances and for the 
upper limits of HCOOCH3 and HCOOH, but not for the CH2OH containing molecules. CO and 
CO2 cannot be fitted with either equation; the CO2 growth rate even increases with fluence. This 
behavior is explained below when the complete reaction scheme for the ice is discussed in detail. 

The exponential fits for all experiments are tabulated in the appendices (|C|- It should be noted 
however, that while this is a convenient way of describing the experimental outcomes, these equa- 
tions cannot be directly translated to an astrophysical setting without intermediate modeling as will 
be discussed in |5] 

3.7. Ice formation and destruction during warm-up following irradiation 

During warm-up after the completion of the UV-irradiation experiment, the ice composition 
changes due to recombination of diff'using radicals and sequential thermal desorption. This results 
in the depletion of volatile molecules and radicals from the ice as the temperature increases, while 
more complex molecules increase in abundance before they also start to desorb. The temperature 
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at which a species displays a maximum abundance depends both on the diffusion barriers of the 
radicals it forms from and the desorption temperature of the complex molecule in question. Figure 
[18] shows that the small molecules and radicals follow the expected behavior. HCO disappears the 
fastest, though it is not below the noise level until 90 K. The other small molecules all desorb 
slowly, and only completely disappear at 120 K, the temperature at which CH3OH starts to desorb. 
This is indicative of significant trapping of volatiles inside the CH3OH ice. 

The more complex molecules also behave as expected following the assumption that they form 
from recombining radicals; all complex ice abundances initially increase before desorption sets in 
(Fig.[T9]l. The temperature at which a maximum abundance is reached during warm-up varies with 
molecular species and also somewhat with the ice temperature during irradiation; for example, it 
appears that CH3CH2OH formed in the warmer ices experiences somewhat less co-desorption with 
CH3OH, and thus it desorbs mainly at its pure-ice desorption temperature. This can be understood 
from recent experiments that show that segregation is a general feature of mixed ices when kept 
at elevated temperatures; the ice irradiated at 50 and 70 K may thus be partially segregated before 
the onset of CH3OH desorption, while the ices irradiated at 20-30 K do not have time to segre- 
gate before reaching the CH3OH desorption temperature, at which they co-desorb. Co-desorption 
with CH3OH around 120 K is especially important for CH3CH2OH and CH3OCH3. CH3CHO, 
CH3OCH3 and CH3CH2OH reach maximum abundances at ~70, 80 and ~110 K, respectively. 
(CH20H)2 only reaches a maximum at 120-150 K (Fig. \T9[. The formation and desorption pat- 
tern of X-CHO and X-COOH is, as expected, complicated with several peaks, corresponding to 
formation maxima of the different contributors to the band. The initial decrease suggests that the 
subtraction of H2CO is imperfect and that up to 20% of the X-CHO/X-COOH abundance at low 
temperatures is due to H2CO. 

3.8. Dependence of ice products on physical conditions 

The previous two sections quantified the growth of complex ices in detail as a function of fluence 
and temperature under specific conditions. In this section, the focus is on the final complex ice 
abundances in each experiment after completion of irradiation at a low temperature and the max- 
imum abundance reached during warm-up. This is used to determine trends in the final complex 
abundances as a function of the experimental conditions. Figures |20] and |2T| show how the final 
irradiated ice composition changes with ice composition (pure vs. 1(2):1 mixtures with CO and 
CH4), fluence, ice temperature during irradiation and the amount of CO mixed in at 20 K. The 
small photoproducts in Fig. |20] are all affected by temperature, though the CO-containing ones, 
much more severly than CH4. Both CO2 and H2CO are enhanced in the CO-containing mixtures, 
while CO2 and CO are the species most affected by increases in fluence. 

Among the complex products in Fig. |2T| CHO- and COOH-containing species are enhanced 
in the CO ice mixtures regardless of temperature, though CH3CHO, is enhanced in the CH4- 
containing ices as well. The CHO-containing molecules, except for CH3CHO, thus trace CO- 
rich CH3OH ices. In the CH30H:C0 1:10 mixture this enhancement of CHO- and COOH- 
bearing species is more extreme; only CHO- and COOH-bearing complex species are detected 
and these have a total abundance of maximum ~20% during warm-up. CH3OCH3, CH3CH2OH 
and CH3CHO are enhanced in the CH4 ice mixture at 30 K, but this enhancement almost disap- 
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pears at 50 K, except for the case of CH3CH2OH. Thus, CH3CH2OH is the most sensitive tracer 
of the addition of CH4 to the ice. Overall, the complex-product abundances do not change by more 
than a factor of 2-3 in 1(2):1 mixtures compared to pure CH3OH ice, nor between ices at differ- 
ent temperatures. However, the X-CHO abundance increases by more than a factor of five in the 
CH30H:C0 1:10 mixture. 

Of all detected complex molecules, (CH20H)2 depends most steeply on ice temperature, espe- 
cially in the ice mixtures; its abundance varies by almost an order of magnitude between exper- 
iments of different temperatures after UV irradiation of the ice is completed. The dependence is, 
however, significantly weakened by the time of desorption. Increasing the UV fluence increases 
the importance of CH3CHO and the other CHO- and COOH-bearing species. In contrast, the CH3- 
containing species are not affected by fluence, while the (CH20H)2 abundance decreases some- 
what, for a fluence increased from 2.4 to 9.6x10'^ cm"^. 

Different molecular production rates are thus affected differently by changes in ice composition, 
temperature and UV fluence. These varied responses of molecular production rates to changes in the 
experimental conditions can be used both to derive chemical properties and to make astrophysical 
predictions on complex molecule production. This is one of the topics in ^and|5]below. 



4. Discussion 



4. 1 . Comparison with previous experiments 

The simple ice products found in this study at 20 K are qualitatively comparable to those found 
previously in UV irradiated pure CH3OH ices a t 10-15 K. Quantita tively, the relative amount of 



Baratta et al. 



(I2OO2I) . while an order of magnitude 



formed CH4 and H2CO are the same compared to 
more CO and CO2 is reported by the end of their exp eriment. The CO and CO2 abundances are 
enhanced by a similar factor in 



Gerakines et al. 



( 119961) compared to the the experiments presented 
here. The enhancement may be due to the higher UV fluence used in the previous studies, since the 
relative CO content increases in our ices with fluence. The high CO abundance may also be partly 
a result of investigating thick ices (~0.1-1 fj.m) in high vacuum chambers (~10"^ mbar); the ice 
thickness reduces the escape probability of CO through photodesorption and the high vacuum (as 
opposed to ultra-high vacuum) increases the chance of contaminations, which may change the final 
ice compos ition. The format i on cro ss sections of CH4 and H2CO presented in ^3.6l agree with those 
reported by|j 



Gerakines et al. 



(119961) within the experimental uncertainties of 50%. Thus, the overall 
agreement is good, between previous studies and the pure CH3OH photochemistry experiment at 
20 K presented here. 

Complex products are difficult to identify in both UV irradiated and ion-bombarded CH3OH- 
rich ices, which has resulted in different assignments in the literature to the same bands, or simply 
no presentation of absolute complex product abundances. As discussed in the band-assignment 
section, more stringent criteria for band identification allow for both more secure and more numer- 
ous band identifications. The most important disagree ments between this and previous studies ar e 



Bennett et al 



the assignment s of HCOOCH3 and CH3OCH3 bands dGerakines et al 
We agree with 



1996 : 



Bennett et al 



20071). 



( I2007n on the assignments of bands to (CH20H)2, but are hesitant 
with HOCH2CHO assignments in the CH30H-dominated ices, because of overlap with features 
from e.g. HCOOH. However, HOCH2CHO may be produced more efficiently during ion bombard- 
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ment than during UV irradiation, facilitating band identificatio n; we do not find so sharp a band 



Bennett et al 



(12007) in their ion- 



Hudson & Moore 



at the position of one of the HOCH2CHO bands as observed by 
bomba rdment study. No other complex molecules were identified in either study. 
( I2OOOI) also tentatively detected (CH20H)2 following proton bombardment of a CH30H:H20 mix- 
ture. Its formation appears prominent under a range of conditions. 

Similarly to bennett & KaiseJ (boOTD, we do observe bands of HCOOCH3 and HOCH2CHO in 
a CO dominated CH3OH ice mixture, indicating that overall the chemistry indu ced by UV radiation 



and ion bombardment is similar HOCH2CHO was also tentatively detected by dHudson et al 



2005) 



following UV irradiation of a C0:CH20H 100:1 ice mixture, though more work is required to 
confirm its formation under those conditions. 



4.2. Dependence of complex chemistry on experimental variables 

Section|3]showed that the final results of CH3OH photochemistry depend on the initial ice compo- 
sition and the ice temperature during irradiation, but not on UV flux or ice thickness. The indepen- 
dence of ice thickness for the final abundances of complex species between 6 and 20 ML puts an 
upper hmit on the efficiency of surface photochemistry versus bulk photochemistry. Employing a 
typical relative product abundance uncertainty of 10%, the upper limit on a relative enhancement 



in the 6 ML ice compared to the 20 ML one is V2 X 102 ~ 14%. This puts an upper limit on excess 
production in the 6 top ML combined, while the upper limit on excess production in the very top 
layer is 6 x 14 ~ 84%. Surface reactions are therefore at most twice as efficient as bulk reactions 
in producing complex molecules. This does not directly limit surface diffiision, since photodesorp- 
tion is efficient enough that many of the radicals and recombined products in the surface layers 
may escape, thus lowering the efficient surface yield. In fact the initial rates in the 6 ML ices seem 
somewhat higher, though this difference is barely significant (AppendixICTl. 

The independence of the ice chemistry on UV flux, i.e. the ice composition depends only on 
the total UV fluence at any time, suggests that the experiments operate in a regime where photodis- 
sociation is the rate-limiting step for production of complex organics. If the opposite were true, 
more complex molecules should form at the lower flux level after the same fluence, when radicals 
have had more time to diffuse and recombine. This may be counter- intuitive since diffusion is ex- 
pected to be slow at 20 K. It suggests that the chemistry, at least at low temperatures, is dominated 
by fast non-thermalized diffusion following photodissociation. This is consistent with the small 
differences in formation rates between 20 and 70 K - in cross-section terms, the formation rate 
increases by a factor of four or less for all complex organics. In contrast, formation rates dependent 
on thermal diffusion should change dramatically within this temperature regime since quantified 
segregation studies show that the thermal diffusion rate of molecules, such as CO2, changes by an 
order of magnitude between only 50 and 60 K (Oberg et al., submitted). The low production rate 
of complex organics during irradiation at 20 K in the CH30H:C0 1:10 ice mixture is also consis- 
tent with the e xpected fast thermalization, and th us short diffusion range, of photo-fragments with 
excess energy dAndersson & van Dishoec kl2008l) . In this experiment it is instead thermal diffusion 
during warm-up that dominate the complex organic production. 

Whether thermalized or non-thermalized diffusion drives the chemistry thus depends on a num- 
ber of factors, including the concentration of radicals in the ice and the temperature during irradia- 
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tion. To quantify the relative importance of thermalized and non-thermalized diffusion for specific 
radicals at different temperatures requires quantitative modeling of the complex molecule pro- 
duction during both the irradiation and the warm-up phases. Qualitatively, an increase in thermal 
diffusion with temperature is required to understand the observed four times higher (CH20H)2 
abundance and formation rate during irradiation at 70 K compared to 20 K. Faster diffusion is also 
required to explain the immediate onset in formation of most molecules at high temperatures, com- 
pared to the short delay at 20 K. Some molecular abundances, such as CH3CH2OH, seem hardly 
affected by a change in ice temperature. Still it must form at least partly through diffusion of rad- 
icals since there is an abundance increase during warm-up. The insensitivity to ice temperature 
during irradiation may instead be due to increased competition between other reaction pathways 
once the CH2OH radical becomes mobile, especially to form (CH20H)2, as is discussed further 
below. The complexity of these interactions makes it impossible to better quantify the dependence 
on ice temperature for ice photochemistry until a complete grid of models has been run, which is 
the topic of Paper II. 

CH4 and CO are small molecules with a simple photodissociatio n chemistry: CH4 mainl y loses 
an H to form CH3, though direct dissociation to CH2 is also possible dRomanzin et al while 
CO does not photodissociate measurably with the UV lamp in this experiment ( Oberg et allboO? ). 
Previ ous experiments show that CO can react with hydrogen to form HCO, and with OH to form 



CO2 dWatanabe et al 



2003 



Hudson & Moord 19991) . Thus adding CO or CH4 to CH3OH ice should 



as a first approximation not add any reaction pathways, but only provide excess functional group 
radicals. Figure|2T| shows that enriching the ice with these molecules also increases the importance 
of ice temperature on the final ice composition. (CH20H)2 displays the most dramatic change; in 
the pure ice the final abundance changes by a factor of two between 30 and 50 K, in the CH4 
mixture the final abundance is an order of magnitude different at the two temperatures. This effect 
is mainly because less CH4 is retained in the 2:1 ice mixture at 50 K compared to 30 K even though 
the same mixtures were deposited. The same is true for CO, where less than half of the originally 
deposited CO was trapped in the 50 K ice, resulting in less building material for HCO-containing 
species. This will be true in astrophysical ices as well and is therefore important to keep in mind, 
i.e. the building material of complex molecules will change with ice temperature also when the 
starting point is a typical interstellar ice mixture. 



4.3. CHiOH photochemistry reaction scheme 

When considering the possible chemistry induced in the CH3OH ice through UV irradiation it is 
necessary to chose a level of complexity to investigate, since theoretically the products can continue 
to dissociate and recombine into ever more complex species. In this qualitative analysis we choose 
to only consider the dissociation and recombination of first generation radicals from CH3OH dis- 
sociation, with one exception - the dissociation of H2CO into HCO and CO and its reaction to 
CO2. This path was included because it only results in smaller molecules that are easily detected 
and thus the kinetics can be modeled. In fact, the photodissociation track from CH2OH/CH3O to 
H2CO and further to HCO and CO is an important strand of reactions to understand, since these 
are the only reactions that do not depend on diffusion and thus their production yields provide 
a clean measure of radical production due to photodissociation of small molecules and radicals. 
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Qualitatively, the relative production rates of CH2OH, H2CO, HCO, CO and CO2 agree well with 
the prediction of the reaction scheme that the observed normalized formation rates should decrease 
from one generation of species to the next (Fig.[T6l) 

Within this framework it is assumed that the vast majority of reactions consists of radical re- 
combination without breaking of bonds i.e. no abstraction. This needs to be further tested through 
experiments and modeling, but so far there has been no reported evidence for abstraction in ice 
chemistry experiments. 

Taking all this into account, Fig.|22]shows the proposed reaction scheme describing the forma- 
tion of the observed species fro m photoproduced radicals . The scheme shares many features with 
previous ones considered by e.g. iGarrod & Herbsti (120061) . It starts with four possible photodisso- 
ciation products of CH3OH that form from breaking one bond i.e. CH2OH, OCH3, CH3, OH and 
H (the evidence for no direct dissociation to H2CO is discussed in 34.4l i. The formed radicals are 
then allowed to recombine into stable species or photo-dissociate further This scheme should re- 
produce the chemistry in the ice at low fluences well. As the chemistry proceeds the destruction of 
complex molecules becomes important to obtain the observed equilibrium conditions and then a 
more elaborate reaction scheme is required to analyze the outcome. 

Within the framework of Fig. |22l the final irradiated ice composition depends on both the 
production rate of each radical and the probability of two specific radicals finding each other and 
recombining in the ice. The radical production rate depends on the UV flux, the photodissociation 
branching ratio and photodissociation cross section of CH3OH, and the relative photodissociation 
rates of CH2OH, H2CO and HCO into smaller species. Once produced, the radicals diffuse through 
the ice. The scheme shows that all complex molecules are formed in competition with several 
others that are formed from the same radicals. The recombination branching ratio of any one radical 
therefore depends both on the amount of other radicals and on their relative diff'usion rates. As an 
example CH2OH can react with H, CH3, HCO, OCH3 and CH2OH as well as further dissociate 
to H2CO. Whether dissociation or recombination occurs depends on both the UV flux and the 
diffusion rates of CH2OH and other radicals, and the amount of other radicals in the ice. At high 
UV fluxes and low temperatures further dissociation to H2CO and recombination with the volatile 
H to reform CH3OH should dominate. At slightly higher ice temperatures recombination with less 
volatile radicals will become competitive and finally, once CH2OH can difiiise through the ice, 
the CH2OH+CH2OH pathway will dominate, since CH3OH ice photodissociation favors CH2OH 
production as shown in ^4.41 

To quantify which reaction pathway dominates at which temperature and flux, requires a large 
self-consistent model (see Paper II). Already this simplified analysis shows that all observed 
molecules can be formed straightforwardly with a simple reaction scheme involving recombina- 
tion of small radicals. This is promising for quantification of complex ice chemistry, both in the 
laboratory and in space. 



4.4. CHiOH photo-dissociation brandling ratios 

UV photodissociation of CH3OH ice can theoretically result in several diff'erent products. 
Experiments and calculations have shown that CH3OH has multiple absorption bands in the range 
of our UV lamp, which are associated with fission of different bonds, producing the different rad- 



34 Karin I. Oberg et al.: Formation of complex organics in CH3OH ice 



icals shown in Fig. l22l(e.g. iNee et alJll985HCheng et al.ll2002h . With a broadband UV lamp it is 



thus difficult to predict which dissociation fragments are formed and their relative importance. 

While it is therefore not possible a priori to exclude any photodissociation pathways, the di- 
rect dissociation to form H2CO is however eliminated as an important dissociation pathway by 
the experiments. H2CO production depends dramatically on ice temperature, such that an order of 
magnitude less H2CO forms at 70 K compared to 20 K. This is consistent with a two-step process 
where CH3OH is first photodissociated into CH3O or CH2OH followed by further photodissocia- 
tion into H2CO dependent on the relative time scales of diffusion and UV absorption at a certain 
temperature. The strong temperature dependence is inconsistent with H2CO forming directly from 
CH3OH since then a large amount of H2CO should form at higher temperatures, similarly to CH4, 
which only requires a single photodissociation event followed by diffusion of H to form. The con- 
sidered photodissociation channels for this discussion are then CH2OH -1- H, OCH3 + H and CH3 
H-OH. 

Without a complete model, the branching ratios cannot be calculated accurately, but inspec- 
tion of the experimental results allows for some conclusions. Under the assumption that both the 
photodissociation cross sections of the formed CH3OH fragments and the rate at which they re- 
combine with hydrogen are approximately the same, the amount of formed complex molecules can 
be used to assess the importance of different photodissociation pathways. First CH3CH2OH and 
CH3OCH3 both form through recombination of CH3 with OCH3 and CH2OH, respectively. CH3 
is predicted to be most mobile of the three radicals and thus its diffusion should determine the 
recombination rates of both complex molecules. The relative production rates of CH3CH2OH and 
CH3OCH3 should then to a first approximation only depend on the OCH3:CH20H branching ra- 
tio during CH3OH photodissociation. The CH3CH2OH/CH3OCH3 abundance ratio is consistently 
4 + 2 at all fluences, temperatures and ice compositions. The value derived from the CH4 ice mix- 
ture experiment at 30 K should describe the photodissociation branching ratio most accurate, since 
the enhancement of CH3 radicals minimizes the effect of different diffusion properties of OCH3 
and CH2OH. There the ratio is 5 + 1. 

The importance of the CH3-1-OH dissociation pathway is more difficult to asses. An upper limit 
can be estimated by comparing the detected (CH20H)2 abundances and the upper limits on C2H6 
at 30 K following irradiation of pure CH3OH ice. Since CH3 is more volatile than CH2OH and 
thus diffuses faster, more C2H6 will form per produced CH3 radical in the ice than (CH20H)2 
per produced CH2OH and thus the estimated upper limit will not be very strict. The observed 
(CH20H)2 abundance to C2H6 upper limit is ~40 in this experiment. The abundance of each com- 
plex molecule depends on the radical abundance squared, which results in a total branching ratio 
of CH20H:OCH3:CH3 of 5±1:1:<1. 

This effective photodissociation branching ratio of CH3OH ice is not necessarily equal to the 
branching ratio of gas phase CH3OH molecules. The effective branching ratio may favor the CH3 
radical since hydrogenation of CH2OH and OCH3 results in CH3OH, while CH3 hydrogenation 
produces CH4 that mainly photodissociates back into CH3. This may however be compensated for 
by a higher recombination rate of CH3 and OH than between the larger fragments and H, since 
H will diffuse away from its dissociation partner faster. It is interesting to note that the calculated 
branching ratio is consistent with a purely statistical one, i.e. three different bond breaks result in 
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CH2OH and one each in CH3 and OCH3 . The model in Part II will further demonstrate whether 
this simple treatment of the branching ratio is valid. 



4.5. Diffusion of radicais 

The diffusion barriers of all radicals involved in complex molecule formation can only be properly 
quantified by modeling the entire chemical network self-consistenly under different irradiation and 
warm-up conditions. The relative heights of diffusion barriers can however be estimated from the 
decrease of radical abundances and the increase of molecular abundances during warm-up of irra- 
diated ices. Inspection of the warm-up plots in Fig. [T9l together with the reaction scheme in Fig. 
|22] qualitatively shows that the products of the radicals in question, H, OH, HCO, CH3, OCH3 and 
CH3OH, depend differently on temperature. 

The only radicals that are detected are HCO and CH2OH. HCO clearly disappears faster of 
the two and thus has a lower diffusion barrier than CH2OH. This is also evident when comparing 
(CH20H)2 and X-CHO production during warm-up; the X-CHO abundance does not increase be- 
yond 80 K, while (CH20H)2 is produced up to at least 1 10 K. CH3OCH3 and CH3CH2OH behave 
similarly during warm-up, though CH3CH2OH grows to slightly higher temperatures, suggesting 
that CH3 diffusion is the most important limiting step, but that OCH3 and CH2OH mobility matters 
as well. The OCH3 and CH2OH diffusion is even more important in reactions with HCO; during 
warm-up of the CH30H:C0 10: 1 ice, HCOOCH3 forms at lower temperatures, and thus consumes 
most of the HCO, compared to HOCH2CHO. The increased importance of the diffusion capabilities 
of the heavier radicals in reactions with HCO compared to CH3 suggest that the diffusion barrier 
for HCO is higher than for CH3. This is confirmed by the slightly lower formation temperature of 
CH3OCH3 and CH3CH2OH compared to X-CHO. The OH barrier is the only one that cannot be 
assessed since it is only involved in CO2 and HCOOH production. HCOOH is not uniquely iden- 
tified and CO2 production may instead be limited by CO diffusion. Combining the above results 
the relative diffusion barriers incre ases as H<CH3 <HC O<OCH3 <CH20H. This is in qualitative 
agreement with the assumptions by|< 



Garrod et al 



(120081) . 



These relative diffusion barriers, together with the dissociation branching ratios and the ob- 
served dependences on ice composition are used below to test a possibility of an ice origin of 
observed complex molecules in different astrophysical environments. 



5. Astrophysical implications 

5.1. Potentiai importance of pliotocliemistry around protostars 

CH3OH ice probably forms in dense cloud cores; it is absent from the cloud edges, but often abun- 
dant towards protostars. This is in contrast to for example CO2 and H2O ice, which are present 
already at a few Ay in dark clouds. Because of its formation deep into the cloud, the CH3OH ice 
is shielded from external UV irradiation during most of its lifetime. A conservative test of whether 
enough radicals can be produced from irradiated CH3OH ice to account for observations of com- 
plex molecules should then only include the locally produced UV field inside the cloud core from 
cosmic ray intera ctions with H2. T his cosmic -ray induced UV field results in an approximate flux 



of 10"* cm-2 S-' dshen et al. 



20041) . During a million years in the cloud core CH3OH ice is thus 
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exposed to a fluence of 3 x 10'^ cnT^, which is the same as the final fluence in most of the exper- 
iments here, where more than 50% of the CH3OH is destroyed. Previous experiments at 10 K and 
the irradiated ice experiments at 20 K here show that of the radicals formed from photodissociation, 
a large fraction is either further dissociated or hydrogenated to form simpler species than CH3OH. 
In this study ~25% of the des troyed CH3OH is con verted into simpler molecules at 20 K, but 
up to 50% in previous studies (iGerakines et alJll996l) . The amount of 'frozen in' radicals may be 
further reduced in astrophysical environments, where hydrogen atoms accrete onto the ice surface 
and re-hydrogenate radicals. Hydrogenation studies of O2 and CO have revealed that t he hydrogen 
penetration depth at 10-15 K is limited to the top few monolayers ( loppolo et allboOS , Fuchs et al. 
A&A in press) and re-hydrogenation will therefore mainly afl'ect predictions of the complex chem- 
istry on the ice surface. The radical formation rates in CH3OH ices thicker than a few monolayers 
and in CH3OH ices covered by CO ice should not be significantly perturbed by this effect. 

More than 50% of the photodissociated CH3OH ice may thus result in 'frozen in' radicals or 
complex molecule formation at the dark cloud stage. Once the radicals become mobile following 
cloud core collapse and the turn-on of the protostar, the approximate complex molecule to CH3OH 
ice abundance ratio is 25%, since each complex molecule forms from two CH3OH fragments. This 
is assuming CH3OH is the precursor of all complex O-bearing organics. The fraction of complex 
molecules in the ice will increase if CH4, H2O, CO and CO2 ice take part in the photochemistry, 
which will depend on the structure of the ice. The ratio will also increase in protostellar envelopes 
if the effects of the enhanced UV-radiation field from the star are included for ices in the inner 
parts. 

Laboratory data on ice photochemistry thus predict that a large fraction of CH3OH will be con- 
verted into more complex molecules during the pre- and proto-stellar stages. This can be compared 
with observations. The sum of detected oxygen-rich complex molecule abundances is approxi- 
mately 50% with respect to the CH3OH abundances in hot cores ( Bisschop et alj|2007b ) and closer 
to 10-20% in other sources rich in complex molecules. Photochemistry in ices thus provide the 
right order of magnitude of complex ice species compared to what is observed in regions where 
ice desorption has occurred. This does not prove that the observed complex molecules have an ice 
origin, but quantified experimental results do provide a way to test this. 



5.2. Abundance ratios as formation condition diagnostics 

The analysis of the complex ice composition following irradiation in the laboratory can be used 
to test an ice formation scenario for complex species in star-forming regions. The first piece of 
information from the warm-up plots is that the ice temperature during irradiation only has a limited 
effect on most complex ice abundances at the time of desorption. Thus in protostellar envelopes 
with large CH3OH ice fractions, where the complex ice chemistry is dominated by pure CH3OH 
chemistry, similar relative fractions of complex ices would be expected in the gas phase over a large 
range of objects if only thermal desorption is assumed. If on the other hand the entire lifetime of 
the ice can be sampled by non-thermal desorption, temperature efifects on the ice composition may 
be observed. This temperature effect will be especially clear if the coldest parts are still dominated 
by a CO-rich CH3OH ice, which is predicted to favor an HCO-rich complex chemistry. However, 
parts of the complex ice product composition seem robust to a range of physical conditions and 
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can therefore be used to test formation scenarios without making assumptions about the original 
ice composition or the ice-desorption mechanism. 

Regardless of mixture composition and ice temperature, the CH3CH2OH and CH3OCH3 ratio 
is constant in the experiments and it is thus expected to be constant in astrophysical environments 
as well, even though the ratio of 5 to 1 may not be reproduced in interstellar regions because of 
different time scales, desorption temperatures and gas phase destruction rates. The ratio may also be 
affected by hot gas-phase chemistry around high mass protostars. Indeed, the detected abundances 
of CH3OCH3 may be strongly affected by gas-phase processes; Garrod et al. (2008) found that 
gas-phase formation of this molecule, following the evaporation of methanol, is efficient, even with 
conservative rate estimates. Thus the CH3CH2OH and CH3OCH3 ratio can only be used directly 
as an ice chemistry test where the gas phase processing is negligible. 

Similarly, the HCOOCH3 and HOCH2CHO ratio changes little with ice composition, though 
it does depend on ice temperature. Thus, while detailed modeling of absolute ratios of this pair of 
molecules is saved for Paper II, strong correlations between such pairs of molecules towards dif- 
ferent astrophysical objects would support the idea that ice photochemistry followed by desorption 
is responsible for gas phase organics. 

In contrast, the CH3CH2OH, HOCH2CHO and (CH20H)2 relative abundances at the time of 
ice desorption vary with ice temperature during irradiation and composition even on laboratory 
time scales. They range between 1:<1:1 (CH30H:C0 1:1, 30 K), 2:<1:10 (pure CH3OH 70 K), 
10:<1 :4 (CH30H:CH4 1 :2, 30 K) and <1 ;8:< 1 (CH30H:C0 1 : 10 20 K) (Fig.|2B. Of these product 
compositions, the pure CH3OH and the different CO mixtures are perfectly plausible astrophysical 
compositions since CH3OH is proposed to form from CO ice. The relative abundances of these 
three complex molecules can thus potentially be used to investigate when and under which condi- 
tions complex molecules form in different astrophysical objects, when an ice formation route has 
been established. This is pursued quahtatively below though there is a general lack of statistical 
samples that contain the diagnostically most valuable abundances. 

The experiments did not consider the photochemistry of H20:CH30H ice mixtures because 
the expected formation path of CH3OH from CO in astrophysical environments. Once the original 
ice heats up, mixing between the H2O and CO-rich ice phase may however occur at a similar 
time scale as radical diffusion within the C0:CH30H ice, resulting in a different complex product 
composition than expected from radical reactions within the C0:CH30H phase. In a H20-rich 
environment, some of the CH3OH photodissociation fragments should react with OH rather than 
other CH3OH fragments, forming species such as HOCH2OH. Observations of OH-rich complex 
species together with a quantification of the mixed H20:CH30H and the layered CH3OH/H2O 
chemistry may therefore provide constraints both on the initial ice composition and the efficiency 
of ice mixing in the protostellar stage. 

5.3. Comparison with astropliysical sources 

Complex molecules have been detected in the gas phase towards a variety of astrophysical envi- 
ronments. Table|6]lists the detected abundances towards a low-mass protostar IRAS 16293-2422, 
a sample of high-mass protostars, a low-mass outflow LI 157, a galactic-center cloud MC G-0.02 
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Table 6. Abundances of complex molecules relative to CH3OH. 





IRAS 16293-2422/ A"-'' 


Hot cores^ 


L1157'' 


MC 0-0.02"= 


Hale-Bopp' 


CH3OHS 


CHjOHiCQs 


CH30H 


1/1 


1 


1 


1 


1 


1 


1 


CH3CH0 


0.038/<0.0016 


2.9[3.1]xlO-5 




0.033 


0.010 


0.01 


<0.04 


CH3CH20H 


-/0.031 


0.019[0.012] 


0.007 


0.040 


<0.042 


0.1 


<0.01 


CH30CH3 


0.20/0.013 


0.41[0.51] 




0.050 




0.04 


<0.01 


HCOOCH3 


0.30/0.0084 


0.089[0.084] 


0.019 


0.037 


0.033 


<0.03 


>0.08 


HOCH2CHO 


-1- 






0.01 


<0.017 


<0.04 


>0.04 


(CH20H)2 


-1- 






0.01 


0.10 


0.4 


<0.01 



The fi r st value is from sing l e dish data, the s econd from interferometric studies of the A core. ' 



Cazaux et al. 



1 20031) : iHuang et alj ( 120051) : iBisschop et all ( 120081) and van Disho eck & Herbst (2009) . " Average data ari d 
s tandard deviations towards a samp le of seven high-mass ho t cores 1 Bisschop et alj2008 ). ''( Arce et alj2008 ). 



NReguena-Torres et al.l2006ll2008l) . ' dCrovisier et al.ll2004l) . ^The relative abundance with respect to CH3OH 



during warm-up of an irradiated 20 K pure CH3OH ice and a CH30H:CO 1:10 ice mixture. 



and the comet Hale-Bopp. Typical uncertainties are factors of a few, but can be larger along some 
lines of sight. 

Overall, complex-molecule abundances vary by less than an order of magnitude, with re- 
spect to CH3OH, within these dramatically different astrophysical environments. For example the 
CH3CH2OH/CH3OH ratio varies between 0.02 and 0.04 (Table |6l). This suggests a formation sce- 
nario where reaction barriers are not rate determining, in agreement with an ice photochemistry 
scenario. 

Focusing on specific ratios, the HOCH2CHO to HCOOCH3 ratio is only available in one of 
these environments and therefore not possible to use as a test. The CH3CH2OH to CH3OCH3 ratio 
is unity within the observational uncertainties towards the IRAS 16293-2422 core and the galactic 
center sources, but it is an order of magnitude lower in the high-mass hot core sample. This may 
be due to a more extended temperature gradient in the hot core objects, which would increase the 
importance of CH3OCH3 release into the gas phase at lower temperatures and thus over a larger 
volume. It may also be the result of gas phase chemistry modifying the released ice abundances. 
The physics of these objects thus needs to be addressed and more molecules observed, to confirm 
an ice origin of these complex molecules. 

Another interesting ratio is the CH3CHO to CH3CH2OH one, which varies by two orders 
of magnitude between the different objects (Table |6]l. In addition, an interferometric study has 
revealed spatial separ ations between these two species around the protostar IRAS 16293-2422 
dBisschop et al.l 120081) . Part of this may be due to different destruction efficiencies of CH3CHO 
towards diff'erent objects. It is however difficult to explain such a lack of correlation with a more 
traditional ice formation scenario of complex molecules, through successive hydrogenation and 
oxygenation of small carbon chains. In such a reaction network CH3CHO and CH3CH2OH are 
formed under the same conditions. In contrast, photochemistry of ices does not predict a correla- 
tion between CH3 CH2OH and CH3C HO since CH3CHO formation may not even require CH3OH 
as a starting point ( Moore et al]|2003 ). while CH3CH2OH does. 
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The abundances of CHO-containing species are in general expected to vary between different 
astrophysical objects in the ice-photochemistry scenario because of their large enhancements in 
CO-rich and thus colder ices. Comparing the different types of sources in Table |6l only the single 
dish observations towards IRAS 16293 contain more HCOOCH3 than CH3OCH3 or CH3CH2OH. 
This suggests that the complex molecules in the colder areas of IRAS 16293 are formed in a more 
CO-rich ice matrix than towards the warmer sources, which is consistent with the high volatility of 
CO. The uncertainties are yet too high for any conclusive comparison, however. 

Quantitatively, the pure CH3OH experimental results are in closest agreement with the ice 
desorption found in Hale-Bopp. This may not be too surprising, since these observations are less 
affected by gas-phase reactions that can both form and destroy complex molecules. It may also 
be a sign of a warmer formation path compared to most larger-scale astrophysical objects, and 
thus an insignificant CO ice content. The almost one-to-one correlation is tentative evidence that 
cometary ices have reached their current composition through ice photochemistry, though both 
more cometary observations and actual modeling of their chemical evolution are necessary to eval- 
uate whether this holds in general. The formation and destruction mechanisms around massive 
protostars are clearly too complicated to evaluate the origins of complex molecules there directly, 
without a more complete gas-grain model. In addition, time-scale effects may be significant for all 
astrophysical abundances comapred to those found in the laboratory. It is, however, reassuring that 
the interferometric study towards the low mass protostar IRAS 16293, where high-temperature 
gas-phase reactions should be of less importance, agrees reasonably well with our experiments. 
Observations of HOCH2CHO and (CHaOH)! towards IRAS 16293 and other low-mass protostars 
would probably provide the strongest constraints available on the prevalence of UV-ice photochem- 
istry in star-forming regions. 

6. Conclusions 

The major experimental and analytical results of this study are summarized below: 

1. The CH3OH ice photodissociation cross section increases from 2.6[0.9] to 3.9[1.3]xlO"^ cm^ 
between 20 and 70 K suggesting that a significant amount of the dissociated fragments recom- 
bines immediately to form CH3OH at 20 K when radical diffusion in ices is slower. 

2. CH3OH ice photodesorbs with a yield of 2.1[1.0]xl0"^ per incident UV photon at 20 K. The 
yield is independent of temperature and of the same order as the yields found previously for 
CO-, CO2- and H20-ice photodesorption. 

3. UV photolysis of 6-21 ML pure CH3OH ice at 20-70 K results in a product mixture of simple 
and complex molecules, whose abundances have been quantified. The identified species are CO, 
CO2, CH4, HCO, H2CO, CH2OH, CH3CHO, CH3OCH3, CH3CH2OH, (CH20H)2 and a mix- 
ture of complex CHO- and COOH-containing molecules. The small temperature dependence 
may be explained by fast diffusion and recombination of non-thermalized radicals following 
CH3OH photo-dissociation. 

4. The final product composition following CH3OH photolysis depends on UV fluence and tem- 
perature, but not on the UV flux level or the ice thickness when both are varied by a factor 
3^. 
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5. In CH30H:C0 and CHaOHiCILi 1:1(2) mixtures the complex molecules containing HCO- 
and CH3 groups are moderately enhanced following UV irradiation compared to pure CH3OH 
ice photolysis. In an irradiated C0:CH30H 10:1 ice mixture, the HCO-containing products 
dominate and both HCOOCH3 and HOCH2CHO are detected as the originally 20 K ice is 
warmed up. With the exception of this ice the final complex product mixture is robust within a 
factor of few in all different experiments. 

6. Additional formation of complex molecules occurs following irradiation at 20-70 K, when all 
ices are slowly heated with the UV lamp turned off; some abundances increase by up to a factor 
of ten between 20 and 100 K. Diffusion of thermalized radicals through the ice is thus important 
for complex molecule formation. 

7. From abundance ratios of related products, formed during UV-irradiation of CH3OH- 
rich ices, we infer an approximate CH3OH photodissociation branching ratio into 
CH20H+H:OCH3+H:CH3+OH of 5:1:<1 

8. From the peak formation temperature of related molecules during warm-up, we find that the 
relative radical diffusion barriers increase as H<CH3 <HCO<OCH3 <CH20H. While the mo- 
bility of the radical with the lowest barrier is most important in determining the formation 
temperature of the product, the diffusion barrier of the heavier radical matters as well. For ex- 
ample HCOOCH3 forms at a lower temperature (from HCO and OCH3) than HOCH2CHO 
(from HCO and CH2OH). 

9. The predicted sum of oxygen-rich complex molecules compared to CH3OH in ices is >25% 
after a UV fluence corresponding to 6 million years in a cloud core, followed by moderate ice 
heating to 30-50 K during the protostellar stage, though quantitative modeUng is required to 
test the competition between radical diffusion, desorption, dissociation and recombination on 
astrophysical time scales. 

10. Some complex molecular ratios, especially CH3CH2OH to CH3OCH3, do not depend signifi- 
cantly on experimental conditions and may thus to be constant in space as well, if gas-phase 
effects do not dominate. If quantitative modeling confirm this prediction, these ratios can be 
used to test the UV-induced ice formation scenario of complex molecules in astrophysical re- 
gions. Other ratios, such as (CH20H)2/CH3CH20H and HCOOCH3/CH3CH2OH, depend both 
on the irradiated ice composition and the ice temperature and can therefore be used to investi- 
gate the formation conditions of observed complex molecules. 

11. Comparison with astrophysical objects shows that the composition of complex ices in the 
Comet Hale-Bopp is readily explained by UV photolysis of of pure CH3OH ice, while CH3OH 
in a CO-dominated ice can explain the variations in the HCOOCH3 and CH3CHO abundances 
between cold and warmer regions of protostars. 

This study shows that complex ice chemistry can be quantified, though the process of doing so is 
more arduous than quaUtative work. The discussed dependencies of molecule formation on differ- 
ent ice conditions show the impossibiUty of perfectly simulating the astrophysical ice evolution 

in the laboratory, especially since physical conditions vary in space as well. It is, however, pos- 
sible to study ice processes under specific laboratory conditions, which through careful modeling 
(Paper 11) can provide the energy barriers that govern these reactions both in the laboratory and in 
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star forming regions. These can then be used to model ice chemistry in all possible astrophysical 
environments. 
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Fig. 12. TPD experiments following UV irradiation of a pure CH3OH ice at 30 K (black), 70 K 
(green), a CH30H:CH4 1:2 ice mixture at 30 K (red) and a CHaOHiCO 1:1 mixture at 30 K 
(blue), m/z = 62 can only contain contributions from (CH20H)2, m/z = 60 from (CHiOH)!, 
HOCH2CHO, CH3COOH and HCOOCH3, m/z = 46 from HCOOH, CH3CH2OH and CH3OCH3, 
and m/z = 44 from CO2, CH3CHO and all heavier complex organics. Finally m/z = 30 can contain 
contributions from C2H6, CH3OH, H2CO and several heavier organics compounds. AH TPD series 
are scaled to the same initial CH3OH abundance to facihtate comparison 
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Fig. 13. The left panel shows spectra of UV-irradiated pure CH3OH ice at 20 and 30 K, and 
CH30H:C0 1:1 and CH30H:CH4 1:2 ice mixtures at 30 K after the same fluence of 2.4x10'^ 
cm"^, together with pure ice spectra of the complex species that absorb in this region. The right 
panel shows the complex absorption pattern between 980 and 820 cm ' in pure ices at 30 and 
50 K and mixed ices at 30 K, together with the possible carriers of these bands. In both panels 
the CH3OH bands have been subtracted from the spectra for visibility and the features have been 
scaled to the initial CH3OH abundance in each experiment to facilitate comparison. The red dashed 
lines are present to guide the eye between band positions in the irradiated ices and in pure complex 
ice spectra. 
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Fig. 14. The left panel panel shows the observed absorption bands between 1 140 and 1290 cm ' 
following UV irradiation of pure CH3OH ice, CHaOHiCO 1:1 and CH30H:CH4 1:2 ice mixtures, 
and the possible carriers of these features. The right panel shows the 1700-1770 cm ' HCO feature 
in irradiated pure CH3OH ices at 20 and 50 K together with irradiated CH30H:C0 ~1:1 mixtures, 
and the possible carriers. In both panels the red dashed lines indicate some of the complex band 
positions. 
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Fig. 15. The left panel shows the 1700 cm ' feature during warm-up of a CHaOHiCO 1 : 10 ice from 
20 to 100 K, after irradiation at 20 K, together with six possible carriers of these bands. The right 
panel shows the 950-750 cm ' region in the same heated mixture together with possible carriers 
of the detected features. All spectra are scaled with the same fraction in both panels, so that the 
absorbance of each spectrum corresponds to ~0. 1 ML of each of the complex species. 
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Fig. 16. The evolution of small CH3OH photo-products with respect to UV fluence in % of the 
initial CH3OH ice abundance (CH3OH(0)) in each experiment during six hours of irradiation at 
20 K (stars) and at 70 K (diamonds). The average abundance uncertainties are indicated in the 
bottom right corner of each panel. The lines are exponential fits to the abundance growths. 
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Fig. 17. The evolution of complex CH3OH photo-products with respect to UV fluence in % of the 
initial CH3OH ice abundance in each experiment during six hours of irradiation at 20 K (stars) and 
70 K (diamonds). In the bottom panel the final upper Umit abundances in the 20 K ice of HCOOH 
(blue dotted), HCOOCH3 (green dashed), CH3COOH (red dashed-dotted) and HOCH2CHO (yel- 
low dashed-triple-dotted) are also shown. The average uncertainty in each abundance is indicated 
in the bottom right corner. The lines are exponential fits to the abundance growths. 
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Fig. 18. The evolution of small CH3OH photo-products, in % of the initial CH3OH ice abundance 
in each experiment, during 1 K min"' warm-up following UV irradiation at 20 K (stars) and 70 K 
(diamonds). The average uncertainty in each abundance is indicated to the right in each panel. 
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Fig. 19. The evolution of complex CH3OH photo-products, in % of the initial CH3OH ice abun- 
dance in each experiment, during 1 K min~' warm-up following UV irradiation at 20 K (stars) and 
70 K (diamonds). The average uncertainty in each abundance is indicated to the right in each panel. 
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Fig. 20. The final simple ice abundances, with respect to initial CH3OH abundance, after the com- 
pletion of irradiation, plotted as functions of: a) and b) composition (pure CH3OH vs CH30H:CH4 
1:2 and CH30H:C0 1:1 ice mixtures) at 30 and 50 K, respectively; c) fluence; d) ice temperature; 
e) amount of CO mixed into the ice. All ices were irradiated with 2.4 x 10'^ photons cm"^, except 
for the the high flux/fluence case in c), in which a final UV fluence four-times greater was attained. 
In d) and e) the ice temperature is 20 K. The uncertainties are as in Fig. [16] 



52 



Karin I. Oberg et al.: Formation of complex organics in CH3OH ice 



10. 



0.1 



10. 



s 
o 

ac 1 

o ■ 



0.1 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
_a) ^ - - ' 






-n 1 


r )K ^^^^^ 

'■ ^ --^ \\ 




■ 


pure CO 


CH4 


1 1 1 1 1 1 1 1 1 1 1 1 1 1 


1 1 1 1 _ 


. . , , 1 . . . . . 


, , . . 




10.0 r 



1.0 r 



0.1 



e) 



low F high F 






I ■ ■ ■ ■ I ■ ■ ■ ■ I ■ ■ ■ ■ I ■ ■ ■ ■ I 



10 20 30 40 50 60 70 80 
Temperature / K 

+ CH3CHO 
^ CH3OCH3 

O CH3CH2OH 

A {CH20H)2 

□ X-CHO/COOH 



1:0 



1:1 



1:10 



Fig. 21. The equivalent of Fig. |20]for the complex ice products, with the addition that the prod- 
uct abundances are shown both at the completion of irradiation (solid lines) and the maximum 
abundance reached during warm-up (dashed lines). The uncertainties ai^e as in Fig.fTTl 
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Fig. 22. The proposed reaction scheme to form the observed products following UV-irradiation of 
pure CH3OH ice (solid boxes), of CO or CH4:CH30H ice mixtures (dashed boxes) and products 
whose production could only be constrained with upper limits (dotted boxes). Though not shown 
for clarity, all reactions can be reversed. The two red arrows indicate that the radicals in question 
take part in more reactions in other parts of the reaction scheme. 
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Fig.A.l. The evolution of small CH3OH photo-products with respect to UV fluence in % of the 
initial CH3OH ice abundance, CH3OH(0), in each experiment at 30 K (stars) and 50 K (diamonds). 
The relative uncertainty for each abundance is indicated in the bottom right corner. The lines are 
exponential fits to the abundance growths. 

Appendix A: Photoproduct growth curves during UV-irradiation 

A.1. Pure CH^OH ice at different temperatures 



Figures lATTI and IAT2I show the increasing abundances of photoproducts during irradiation of pure 
CH3OH ices at 30 and 50 K (experiments 2 and 3). The abundances are fitted as a function of UV 
fluence as described fully in ^3. 61 for 20 K and 70 K ices. The abundances follow the temperature 
trends suggested by the 20 K and 70 K ices (experiments 1 and 4), except possibly for CH3CH2OH, 
which seems to be enhanced at 30 K compared to the other ices. This enhancement is barely sig- 
nificant however. The fit coefficients and uncertainties for all uradiated ~20 L, pure CH3OH ices 
are reported in Table IC.l] 
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Fig. A.2. The evolution of complex CH3OH photo-products with respect to UV fluence in % of the 
initial CH3OH ice abundance. Otherwise as Fig. lA.ll 



/A.2. H/gfh fluence experiments 



Figures IA31 and \AA\ show the increasing abundances of photoproducts during irradiation at 20 K 
and 50 K with a high flux (experiments 5 and 6), together with the fitted growth curves. The first 
2.5 X 10' photons cm"^ are consistent with the low flux experiments within the experimental un- 
certainties. For molecules such as CH3CHO that forms slowly, these experiments provide better 
constraints on the production rates than the low flux experiments. In contrast, molecules and frag- 
ments with high production rates are better constrained by the lower flux experiments, since they 
have a abundance determinations at a higher fluence resolution. The production rates of molecules 
that are destroyed/photodesorbed faster than they are produced at high fluences cannot be fit in 
these experiments. The fit coeflicients of these experiments are reported in Table IC.fl 
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Fig. A.3. The evolution of small CH3OH photo-products with respect to UV fluence in % of the 
initial CH3OH ice abundance (CH3OH(0)) in the two high flux/fluence experiments at 20 K (stars) 
and 50 K (diamonds). The relative uncertainty for each abundance is indicated in the bottom right 
corner. The lines are exponential fits to the abundance growths. 



A.3. CH4 and CO mixtures 

Figures IA.514A.8l show the increasing abundances of photoproducts during irradiation of 
CH30H:CH4 1:2 and CH30H:C0 1:1 mixtures at 30 K and 50 K together with fitted growth 
curves. The temperature trends are similar to what is seen for pure CH3OH ice. As suggested 
from the spectra in ^3.3.51 all HCO containing species are increased in abundance in the CO mix- 
tures, with the exception of CH3CHO, which is mainly enhanced in the CH4 ice mixture. The other 
two CH3 containing species, CH3CH2OH and CH3OCH3, are also enhanced in the CH4 mixture 
compared both to pure CH3OH and the CO ice mixture - in the CO mixtures the abundance points 
represent upper limits. In contrast the (CH20H)2 production is suppressed in both ice mixtures at 
30 K. The fit coefficients of these experiments and C0:CH30H 1:1 mixture irradiated at 20 K are 
reported in Table lC.2l 



Appendix B: Formation and destruction curves during warm-up 

B.1. Pure CHiOH at different irradiation temperatures 

Figures IB. 11 and IB. 21 show the evolution of photoproduct abundances during warm-up following 
irradiation of pure CH3OH ices at 30 and 50 K (experiments 2 and 3). The abundances follow 
the warm-up trends suggested by the 20 and 70 K ices (experiments 1 and 4). The CH3CH2OH 
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Fig. A.4. The evolution of complex CH3OH photo-products with respect to UV fluence in % of the 
initial CH3OH ice abundance. Otherwise as Fig. lA.3l 



desorption starts at a lower temperature than in pure CH3CH2OH, suggesting that similarly to the 
20 K experiment, a substantial part of the CH3CH2OH desorbs together with CH3OH. 



B.2. CH4 and CO mixtures 

The warm-up trends are similar in the experiments where CH4 and CO are mixed with the CH3OH 
ice, at a 1(2): 1 ratio, compared to the pure CH3OH experiments (Figs. IB.3tiB.6b . The CH3- 
containing molecules CH3CHO and CH3CH2OH show a remarkable growth between 30 and 50 K, 
which is only hinted at in the pure CH3OH experiments, suggesting a significant build-up of CH3 
radicals in these ice mixture experiments. In contrast the (CH20H)2 formation rate is low during 
warm-up of the 30 K experiments. 
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Fig.A.5. The evolution of small photo-products with respect to UV fluence in % of the initial 
CH3OH ice abundance in CH30H:C0 1:1 ice mixture experiments at 30 K (stars) and 50 K (dia- 
monds). 

Appendix C: Formation rate parameters 

The production of simple and complex molecules during UV irradiation is parameterized with 
Ai(l - e '^2x(0-A3)-j fQj. of the experiments, where Ai correspond to the equilibrium abundance 
in % of the initial CH3OH abundance, A2 is the fluence offset in 10'^ cm"^ before production 
starts and A3 describes the formation and destruction rates in fluence space in 10 cm^ (Tables 
IC.ll and rC.2l i. The experiments include all pure 6-20 ML CH3OH experiments irradiated with the 
normal flux setting, two 20 ML pure CH3OH experiments irradiated with the higher flux setting, 
and all ice mixture experiments except for the CH30H:C0 1:10 experiment. The 1:10 experiment 
is excluded since the formation of any molecules is too low to detect during irradiation itself. The 
fitted experiments are numbered as in Table [T] 

It is important to note that the fitted formation 'cross sections' cannot be used directly in astro- 
physical models, but rather should be used to compare models of the experiments with the experi- 
mental results. The quoted uncertainties in the tables are the fit error and do not include systematic 
uncertainties, in particular the conversion error between integrated band strength and abundances 
of ~20% and the fluence uncertainty of ~ 30%. 
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Fig.A.6. The evolution of complex photo-products with respect to UV fluence in % of the ini- 
tial CH3OH ice abundance in CH30H:C0 1:1 ice mixture experiments at 30 K (stars) and 50 K 
(diamonds). 
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Fig.A.7. The evolution of small photo-products with respect to UV fluence in % of the initial 
CH3OH ice abundance in CH30H:CH4 1:2 ice mixture experiments at 30 K (stars) and 50 K 
(diamonds). 




Fig.A.8. The evolution of small photo-products with respect to UV fluence in % of the initial 
CH3OH ice abundance in CH30H:CH4 1:2 ice mixture experiments at 30 K (stars) and 50 K 
(diamonds). 
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Fig.B.l. The evolution of small CH3OH photo-products with respect to UV fluence in % of the 
initial CH3OH ice abundance in pure CH3OH irradiation experiments at 30 K (stars) and 50 K 
(diamonds). The average uncertainties are indicated by the eiTor bar to the right in each panel. 
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Fig.B.2. The evolution of complex CH3OH photo-products with respect to UV fluence in % of 
the initial CH3OH ice abundance in pure CH3OH irradiation experiments at 30 K (stars) and 50 K 
(diamonds). The average uncertainties are indicated by the error bar to the right in each panel. 
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Fig. B.3. The evolution of small photo-products, in % of the initial CH3OH ice abundance, with 
respect to temperature following irradiation of CH30H:C0 1:1 ice mixtures at 30 (stars) and 50 K 
(diamonds). The average uncertainties are indicated by the error bar to the right in each panel. 
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Fig. B.4. The evolution of small photo-products, in % of the initial CH3OH ice abundance, with 
respect to temperature following irradiation of CH30H:CH4 1:2 ice mixtures at 30 (stars) and 50 K 
(diamonds). The average uncertainties are indicated by the error bar to the right in each panel. 



Karin I. Oberg et al.: Formation of complex organics in CH3OH ice, Online Material p 13 

' ' I ' ' 



5 




1 1 1 1 1 1 1 1 1 


4 




CO 








3 




- 


2 












1 










1 ^ 
■ ■ ■ ■ 1 ■ 1 1 1^ 





0.8 

0.6 

0.4 

0.2 
0.0 



T 



T 



HCO 



O 

c 

ac 
u 



50 100 150 200 

15 



200 




100 150 200 50 
Temperature / K 



200 



Fig. B.5. The evolution of small photo-products, in % of the initial CH3OH ice abundance, with 
respect to temperature following irradiation of CH30H:C0 1:1 ice mixtures at 30 (stars) and 50 K 
(diamonds). The average uncertainties are indicated by the error bar to the right in each panel. 
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Fig. B.6. The evolution of small photo-products, in % of the initial CH3OH ice abundance, with 
respect to temperature following irradiation of CH30H:CH4 1:2 ice mixtures at 30 (stars) and 50 K 
(diamonds). The average uncertainties are indicated by the error bar to the right in each panel. 
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Table C.l. Photoproduct crosssection coefficents for pure CH3OH experiments 1-6 as listed in 
Table 1. 





1 


2 


3 


4 


3 


6 


CH4 


Al 


11.1 [0.5] 


9.6[0.6] 


7.2[0.5] 


6.1 [0.3] 


14.7[0.3] 


9.0[0.2] 




A2 


0.69[0.06] 


0.78[0.08] 


0.80[0.10] 


0.98[0.11] 


0.39[0.02] 


0.6 1 [0.06] 




A3 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


CO 


Al 


<99 


<99 


<99 


1.81[6.45] 


<99 


<99 




A2 


0.021[0.001] 


0.016[0.001] 


0.02[0.16] 


0.12[0.49] 


0.015[0.001] 


0.006[0.001] 




A3 


0.16[0.02] 


0.14[0.03] 


0.07[0.09] 


0.0 


0.36[0.05] 


0.17[0.17] 


HCO 


Al 


0.32[0.04] 


0.29[0.07] 


0.16[0.03] 


0.13[0.14] 


0.37[0.02] 


_ 




Al 


0.99[0.29] 


0.88[0.37] 


1.78[0.81] 


0.53[0.87] 


0.76[0.21] 


_ 




A3 


0.0 


0.0 


0.0 


0.0 


0.0 


_ 


H2CO 


Al 


9.1 [0.4] 


10.3[0.5] 


4.6[0.5] 


1.1[0.3] 


11.1[0.3] 


7.5[0.4] 




A2 


2.2[0.3] 


2.0[0.3] 


1.9[0.6] 


3.5[3.9] 


1.5 [0.4] 


2.3 [1.4] 




A3 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


CH2OH 


Al 


1.52[0.04] 


1.17[0.04] 


1.05[0.04] 


0.77 [0.03] 


_ 


_ 




A2 


9.0[1.5] 


13.6[3.8] 


12.9[3.7] 


20.8[9.9] 


_ 


_ 




A3 


0.0 


0.0 


0.0 


0.0 


_ 


_ 


CO2 


Al 


<99 


<99 


<99 


<99 


<99 


<99 




A2 


0.008[0.025] 


0.014[0.099] 


0.015[0.117] 


0.008[0.095] 


0.002[0.001] 


0.003 [0.006] 




A3 


0.17[0.05] 


0.17[0.08] 


0.08[0.11] 


0.22[0.18] 


1.13[0.09] 


1.00[0.10] 


CH3CHO 


Al 


<99 


0.9[3.5] 


<99 


0.47[0.18] 


<99 


0.82[0.18] 




A2 


0.009[0.075] 


0.10[0.46] 


0.014[0.153] 


0.51 [0.32] 


0.004[0.026] 


0.19[0.08] 




A3 


0.23[0.10] 


0.0 


0.30[0.11] 


0.11 [0.08] 


0.54[0.25] 


0.09[0.33] 


CH3OCH3 


Al 


1.5[0.3] 


1.6[0.3] 


1.9[0.2] 


1.40[0.09] 


_ 


_ 




A2 


0.86[0.38] 


1.04[0.46] 


1.50[0.38] 


3.01 [0.82] 


_ 


_ 




A3 


0.10[0.08] 


0.05[0.08] 


0.03[0.05] 


0.00[0.04] 


_ 


_ 


CH3CH2OH 


Al 


4.7[0.3] 


5.4[0.3] 


4.8[2.1] 


6.9[3.5] 


7.4[0.6] 


12.9[2.4] 




A2 


4.4[1.3] 


10.2[3.6] 


0.63[0.47] 


0.46[0.34] 


0.50[0.14] 


0.22[0.08] 




A3 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


(CH20H)2 


Al 


4.9[0.5] 


10.5[2.0] 


14.6[0.7] 


18.8[0.6] 


6.2[0.5] 


12.0[0.6] 




A2 


3.0[1.1] 


0.88[0.31] 


2.1[0.3] 


2.6[0.3] 


3.9[6.9] 


3.0[2.3] 




A3 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


X-CHO/ 


Al 


12.5[7.8] 


6.1 [2.0] 


4.5[0.8] 


8.4[3.7] 


13.5[1.1] 


16.8[3.2] 


X-COOH 


A2 


0.16[0.12] 


0.37[0.17] 


0.50[0.14] 


0.21[0.11] 


0.12[0.02] 


0.10[0.03] 




A3 


0.03[0.06] 


0.04[0.06] 


0.0 


0.0 


0.0 


0.12[0.14] 
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Table C.2. Photoproduct crosssection coefRcents for ice mixture experiments 7-11, 13, 14 as listed 
in Table 1. 





7 


8 


9 


10 


1 1 


13 


14 


CH4 


Al 


8.7[0.9] 


7.0[1.6] 


3.7[0.6] 


_ 


_ 


10.7[0.8] 


5.6[0.8] 




Al 


0.79[0.14] 


0.54[0.19] 


0.89[0.25] 


_ 


_ 


1.27[0.22] 


1.34[0.47] 




A3 


0.0 


0.0 


0.0 


_ 


_ 


0.0 


0.0 


CO 


Al 


_ 


_ 


_ 


<99 


2.9[2.4] 


<99 


1.2[0.3] 




A2 


_ 


_ 


_ 


0.02[0.01] 


0.29[0.31] 


0.03[0.01] 


1.6[1.2] 




A3 


_ 


_ 


_ 


0.11 [0.05] 


0.0 


0.0 


0.0 


HCO 


Al 


0.98[0.02] 


0.67[0.02] 


_ 


0.34[0.04] 


0.12[0.03] 


_ 


_ 




A2 


18.2[3.7] 


17.2[4.9] 


_ 


2.9[1.2] 


6.2[7.8] 


_ 


_ 




A3 


0.0 


0.0 




0.03 [0.06] 


0.01 [0.10] 






H2CO 


Al 


15.2[0.6] 


12.8[0.7] 


9.5[0.4] 


7.1 [0.7] 


6.0[0.8] 


5.4[0.9] 






A2 


3.3[0.5] 


2.4[0.5] 


64[1.5] 


3.7[1.6] 


2.1 [0.9] 


7.3[7.8] 






A3 


0.03[0.02] 


0.02[0.03] 


0.01 [0.02] 


0.0 


0.0 


0.0 


_ 


CH2OH 


Al 


2.08[0.08] 


1.37[0.08] 


0.81[0.10] 


1.46[0.07] 


0.91 [0.06] 


_ 


0.82[0.13] 




A2 


4.4[0.7] 


5.1[1.3] 


1.8[0.6] 


10.8[4.4] 


17[12] 


_ 


12[15] 




A3 


0.0 


0.0 


0.0 


0.0 


0.0 


_ 


0.0 


C2H6 


Al 
A2 
A3 


_ 
_ 
_ 


_ 
_ 
_ 


_ 
_ 
_ 


13.8[7.4] 
1.2[1.5] 
0.0 


_ 
_ 
_ 


_ 
_ 
_ 


_ 
_ 
_ 


CO2 


Al 


<99 


<99 


8[23] 


<99 


<99 


<99 


<99 




A2 


0.01 [0.02] 


0.01[0.05] 


0.05[0.17] 


0.01 [0.06] 


0.01 [0.08] 


0.01 [0.11] 


0.01[0.13] 




A3 


0.10[0.03] 


0.10[0.04] 


0.07[0.07] 


0.13[0.10] 


0.0 


0.26[0.07] 


0.16[0.09] 


CH3CHO 


Al 


<99 


<99 


<99 


<99 


0.90[0.93] 


<99] 


0.33[0.05] 




A2 


0.01 [0.16] 


0.03[0.30] 


0.01[0.37] 


0.01 [0.05] 


0.31 [0.43] 


0.04[0.59] 


6.4[5.0] 




A3 


0.36[0.14] 


0.0 


0.0 


0.32[0.09] 


0.11[0.13] 


0.0 


0.0 


CH3OCH3 


Al 


1.2[0.3] 


1.5[0.3] 


1.6[0.2] 


2.8[0.3] 


2.3[0.2] 


2.1 [0.6] 


0.8[0.3] 




A2 


1.4[0.9] 


1.4[0.8] 


1.5[0.5] 


1.8[0.6] 


3.1 [0.8] 


1.4[1.0] 


6[12] 




A3 


0.09[0.12] 


0.03[0.11] 


0.0 


0.0 


0.0 


0.06[0.14] 


0.01[0.13] 


CH3CH2OH 


Al 


10.0[0.4] 


7.3[0.7] 


5.2[0.6] 


14.9[0.9] 


10.0[0.9] 


5.7[0.8] 


8.1[6.2] 




A2 


8.4[2.3] 


2.6[0.8] 


2.0[0.7] 


1.9[0.3] 


1.8[0.5] 


12[14] 


0.8[1.1] 




A3 


0.0 


0.0 


0.0 


0.0 


0.0 


0.01[0.04] 


0.10[0.23] 


(CH20H)2 


Al 


5.4[0.8] 


5.5[3.3] 


12.4[0.8] 




11.4[0.9] 


6.4[1.7] 


14.6[2.8] 




A2 


5.6[4.1] 


0.9[1.3] 


2.7[0.6] 




3.8[1.2] 


3.7[3.7] 


1.9[1.1] 




A3 


0.02[0.06] 


0.01 [0.28] 


0.0 




0.0 


0.0 


0.02[0.12] 


X-CHO/ 


Al 


12.1 [0.7] 


9.7[0.8] 


17.2[7.3] 


<99 


11.3[8.3] 


11.6[4.7] 


8.3[3.1] 


X-COOH 


A2 


0.75[0.07] 


0.64[0.09] 


0.21[0.11] 


0.02[0.01] 


0.20[0.17] 


0.41[0.25] 


0.47 [0.26] 




A3 


0.0 


0.0 


0.05[0.04] 


0.16[0.07] 


0.0 


0.0 


0.0 



